AD-A282  725 


Contract  RePORT 

Naval  Facilities  Engineering  Service  Center,  Port  Huencme,  CA  93043*4328 


CR  94.003-SHR 
June  1994 


TRIAXIAL  AND  TORSIONAL  SHEAR 
TEST  RESULTS  FOR  SAND 

An  Investigation  Conducted  by: 


Bruce  L.  Kutter 
Yie-ruey  Chen 
C.  K.  Sfien 

Department  of  Civil  and  Environmental  Engineering 
University  of  California,  Davis 


Sponsored  by 

OfEce  of  Naval  Research 
Arlington,  VA 


^  jul.^  vii994.v; 


■v 


Abstract  This  report  presents  the  results  of  the  labora¬ 
tory  tests  conducted  in  triaxial  and  torsional  apparatus. 
The  purposes  of  this  report  are  not  only  to  support  the 
calibration  and  verification  of  the  bounding  surface 
hypoplasticity  model  for  granular  soil  but  to  provide  a 
valuable  data  base  for  further  research  in  numerical  model 
simulation  and  design. 

Under  this  contract,  two  experiments  were  carried  out; 
(1)  laboratory  samples  in  the  triaxial  apparatus  and  hol¬ 
low  cylinder  torsional  apparams,  and  (2)  centrifuge  model 
tests  including  two  and  three-dimensional  structures  sub¬ 
jected  to  static  and  dynamic  loadings. 

This  report  presents  the  results  of  triaxial  tests  includ¬ 
ing  drained  and  undrained,  monotonic  and  cyclic,  and 
stress  and  strain  controlled  tests.  The  maximum  stress  ra¬ 
tio  achieved  in  drained  triaxial  tests  was  significantly 
larger  than  that  in  undrained  triaxial  tests.  Results  of  six 
hollow  cylinder  torsional  and  rotational  shear  tests  are 


also  presented.  The  results  from  different  types  are  com¬ 
pared.  Finally,  the  conclusions  of  these  latoratory  tests 
are  also  discussed. 

The  test  results  indicate  that  the  shape  of  phase  trans¬ 
formation  and  failure  surfaces  were  different  when  viewed 
in  the  n-plane.  It  was  also  found  that  samples  subject  to 
rotational  shear  may  be  less  likely  to  deveiq>  larger  strain 
during  undrained  cycling  than  samples  in  triaxial  com- 
pression/rxtension  cyclic  tests  at  similar  stress  ratios. 

In  the  cyclic  torsional  simple  shear  test,  the  maximum 
stress  ratio  is  between  values  obtained  from  triaxial  com¬ 
pression  and  extension  tests.  In  rotational  shear  tests,  the 
stable  cycling  of  effective  stress  ratios  are  boimded  by  the 
values  of  triaxial  compression  and  extension  failure  stress 
ratios.  The  maximum  stress  ratio  observed  in  the  rou- 
tional  shear  tests  for  both  compression  and  extension  agree 
reasonably  well  with  the  stress  ratio  in  the  undrained 
triaxial  tests. 


Approved  for  public  release;  distribution  Is  unlimited. 

94  7  25  1  95 


MKTKIC  CONVKKSION  FACTOHS 


'1  In  "  3A4  (nMMilvK  F<k  oihnr  txict  conwiiont  ind  morn  dtullid  (nbltt.  m  NBS 
MIk.  PuW.  286,  Uniif  ol  WUgliii  nml  Mnuitti,  Fiicf  S2  ».  SO  Cittlag  No.  CI3.«0:28t. 


REPORT  DOCUMENTATION  PAGE 


omm.  0704^1$ 


Publkir«poftjnaburdtnfartliitcoi«ctianofinformMMni«Mtiin«Mdtoav*ngt1hourp«rrMponM,i>wkidiiigth*tini«forr*vi«wingiMtnietiOfW,tMiching 
•xiMinaclata«oureM,gath«rinaandm«int«iningthadattnMiM.afidconnplatinaandr«vi«wingth«coll«etianofinforfn«tion.  SandoocnmamsragwdingttM 
burdan  wtimaM  or  any  otiMr  aspect  of  this  coHaction  inf ormation,  InckMing  luggMIions  for  radudng  this  burdan,  to  Wuhington  HHdquwtart  Sarvicas, 
Diiactorata  for  Information  and  Raports,  1215  Jaffarson  Davis  Highway.Suita1204.Aiington.VA22202-4302,  and  totheOfficaofManaganiam  and  Bud^ 
PaparvwirkRaductionProiact(0704-0188).W>shlngton,  DC 20503. 


1.  AQENCY  USE  ONLY  (Lmtv  ManiU 


TITLE  AND  SUBTITLE 


2.  REPORT  DATE 

June  1994 


TRIAXIAL  AND  TORSIONAL  SHEAR  HIST  RESULTS 
FOR  SAND 


6.  AUTHORISI 

Bruce  L.  Kutter;  Yie-ruey  Chen;  and  C.  K.  Shen 


3.  REPORT  TYPE  AND  OATES  COVERED 

Final;  October  1990  -  June  1994 


B.  FUNDING  NUMBERS 

PE  -  61153N 
C  -  N47408-89-C-1058 
WU-  DN666342 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESSEISI 

Department  of  Civil  and  Environmental  Engineering 
University  of  California,  Davis 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 

CR  94.003 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESSES 

Office  of  Naval  Research 
Arlington,  VA  22170-5000 


10.  SPONSORING/MONITORINO  AGENCY  REPORT 
NUMBER 


1 

.  SUPPLEMENTARY  NOTES 

12a.  DISTRIBUTION/ AVAILABILITY  STATEMENT 

12b.  DISTRIBUTION  CODE 

Approved  for  public  release;  distribution  is  unlimited. 

13.  ABSTRACT  (Maximum  200  wonts) 

This  rqxirt  presents  the  results  of  the  laboratory  tests  conducted  in  triaxial  and  torsional  apparatus.  The  purposes  of  this  rqwtt 
are  not  only  to  support  the  calibration  and  verification  of  the  bounding  surface  hypoplasticity  model  for  granular  soil  but  to 
provide  a  valuable  dioa  base  for  further  research  in  numerical  model  simulation  and  design. 

Under  this  contract,  two  experiments  were  carried  out;  (1)  laboratory  samples  in  the  triaxial  ^aratus  and  hollow  cylinder 
torsiorul  apparatus,  and  (2)  centrifuge  model  tests  including  two  and  thre^imensional  structures  siAjected  to  static  and  dynamic 
loadings. 

This  report  presents  the  results  of  triaxial  tests  including  drained  and  undrained,  monotonic  and  cyclic,  and  stress  and  strain 
controlled  tests.  The  maximum  stress  ratio  achieved  in  drained  triaxial  tests  was  significantly  larger  than  that  in  undrained  triaxial 
tests.  Results  of  six  hollow  cylinder  torsional  and  routional  shear  tests  are  also  presented.  The  results  from  different  types  are 
compared.  Finally,  the  conclusions  of  these  laboratory  tests  are  also  discussed. 

The  test  results  indicate  that  the  shape  of  phase  transformation  and  failure  surfaces  were  differem  when  viewed  in  the  it-plane. 
It  was  also  found  that  samples  subject  to  rotational  shear  may  be  less  likely  to  develop  larger  strain  during  undrained  cycling  than 
samples  in  triaxial  compression/extension  cyclic  tests  at  similar  stress  ratios. 

In  the  cyclic  torsional  simple  shear  test,  the  maximum  stress  ratio  is  between  values  obtained  from  triaxial  compression  and 
extension  tests.  In  rotational  shear  tests,  die  stable  cycling  of  effective  stress  ratios  are  bounded  by  the  values  of  triaxial 
compression  and  extension  failure  stress  ratios.  The  maximum  stress  ratio  observed  in  the  rotational  shear  tests  for  both 
compression  and  extension  agree  reasonably  well  with  the  stress  ratio  in  the  undrained  triaxial  tests. 


14.  SUBJECT  TERMS 

Soil  coDsititutive  material  models,  bounding  surface  plasticity,  cohesionless  soil,  sand, 
laboratory  test  data,  triaxial  test  data,  torsional  test  data,  granular  soil,  cyclic  test  data, 
geotechnical  models,  finite  element  technology 


NUMBER  OF  PAGES 

204 


PmCE  CODE 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 

Unclassified 


ia  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

Unclassified 


19.  SECURITY  CLASSIFICATION  20.  LIMITATION  OF 
OF  ABSTRACT  ABSTRACT 

Unclassified  UL 


MSN 754001-2805500 


Standard  Form  298  (Rav.  2-89) 
Pratcrifaadby  ANSI  Std.  239-1 8 


TABLE  OF  CONTENTS 


Pa2eNo. 

USX  OF  FIGURES  3 

LIST  OF  TABLES  5 

ABSTRACT  6 

1.  INTRODUCTION  7 

1.1  Background  and  Scope  11 

1.2  Soils  Tested  11 

1.3  Testing  Program  12 

1.4  Units,  Stresses  and  Strams  21 

2.  TRIAXIAL  TESTS  23 

2.1  Sample  Preparation  23 

2.2  Undrained,  Strain  Controlled,  Constant  p,  Mcmotonic  Tests  24 

2.3  Drained,  Strain  Controlled,  Qmstant  p',  Monottmic  Tests  27 

2.4  Undrained,  Stress  Controlled,  Cyclic  Tests  33 

2.5  Triaxial  Consolidation  Tests  34 

3.  HOLLOW  CYLINDER  TORSIONAL  TESTS  36 

3.1  Sanq)le  Preparation  and  General  Observations  36 

3.2  Torsional  Shear  Tests  38 

3.3  Rotational  Shear  Tests  41 

4.  SUMMARY  COMPARISONS  OF  TRIAXIAL,  TORSIONAL 

AND  ROTATIONAL  SHEAR  TEST  RESULTS  45 

5.  CONCLUSIONS  50 

6.  ACKNOWLEDGEMENTS  51 

7.  REFERENCES  52 


LIST  OF  FIGURES 


Figure  1.2.1 
Figure  1.3.1 
Figure  1.3.2 
Fgure  1.3.3 
Figure  1.3.4 
Figure  2.2.a 

Fgure  2.2.b 


:  Gnuin  Size  Distribution  Curve  fin*  Nevada  Sand 
:  Sdiematic  of  Tiiaxial  Aiiparstus 
:  Typical  Stress  Path  fix  Triaxial  Tests 
:  Sdiematic  ofHoQowCj^inderTorsioaal  Apparatus 
:  Stress  Paths  fin*  Hdlow  Grinder  Torsional  Tests 

;  Summary  fin*  Deviatmic  Stress  Versus  Mean  Normal  Efifective 
Stress  in  Tiiaxial  Undrained  Tesd  Under  Different  Confining  Pressure 

:  Summary  not  fin*  Deviatmic  Stress  Ratio  Versus  Mean  Nmnal  Effective 
Stress  in  Triaxial  lAidiained  Tests  Under  I^fferenft  Confining  Pressure 


Figure  2.2.1 

'I  :  Triaxial,  Undrained,  Strain  Crmtroned,  Constant  p  Test 

Fgure  2.2.26 


Fgure  2.3.a 
Figure  2.3.b 
Figure  2.3.C 
Hgure  2.3.d 


Photograph  of  the  Cdored  Sand  After  Tiiaxial  Test  N70D100A 
Slratch  of  the  Vertical  Qffe^  of  the  San^le  After  Triaxial  Test 
Measurements  of  the  Vertical  Offeet  fixnn  Photogr^di  of  Sanqple  (N70D100A) 

Comparisons  of  Data  Measured  firom  Load  Cdls  Mounted  oa 
Both  Inside  and  Outade  of  Triaxial  Chandler 


Figure  2.3.1 

i  :  Triaxial,  Drained,  Strain  ControUed,  Ccmstant  p'  Test 

Hgure  2.3.10 


Hgure  2.4.1 

i  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test 

Hgure  2.4.3S 


Hgure  2.5.1 

'I'  ;  Tiiaxial  Consolidation  Test 

Hgure  2.5.8 

Hgure  3.2.1 

i  :  HoOow  C^inder  Cydic  Torsional  Shear  Test 
Hgure  3.2.20 


3 


1  Aeessslon  For  1 

HTIS  GRAM 

s' 

DTIC  TAB 

□ 

Unannounced 

□ 

Justification _ 

By - - - 

DlstrlbutlQQ/ :  ^ 


Availability  Codes 


Diet 


.1 


lAvatl  euid/or 
Special 


Rgure  3.3.1 
i 

Figure  3.3.10 

Rgure4.1 
Fgure4.2 
Fgure4.3 
Figure  4.4. 

Fgure4.S 


:  Hc^Iow  Cyfinder  Rotatiofiil  Shear  Test 


:  Summafy  Data  for  Cydic  Stress  Ratio  Venus  Number  of  Cycles 
to  Cause  3%  Stratn  in  Triaxial,  Torsional  and  Rotational  Shear  Tests 

:  Rdationsh4>  Between  Cyclic  Strain  and  Nundier  of  Cycles  in  Hdlow 
C^inder  Cydic  Tornon  Shear  Tests 

:  Rdationship  Between  Stress  Ratio  and  An^  in  ic  Plane  for 
Hoflow  Cinder  Cydic  Torsion  Shear  Tests 

:  Summaiy  Plot  for  Peak  Stress  Ratio  Versus  Ang^e  in  x  Plane  in  Triaxial 
and  Cyclic  Sinqile  Shear  Tests  with  Stress  Paths  of  the  Last  Cyde  of 
Tornonal  and  ^tational  Shear  Tests 

:  Summaiy  Fot  for  Stress  Ratio  Versus  Mean  Normal  Effective  Stress 
in  Triaxial  Conqiression  and  Extension  Tests 


4 


USTOFTABLES 


Table  l.l 
Table  1.2 
Table  1.2.1 

Table  1.2.2 
Table  1.2.3 
Table  1.3.1 
Table  1.3.2 
Table  1.3.3 
Table  2.2.1 

Table  2.3.1 

Table  2.4.1 

Table  2.S.1 

Table  2.5.2 
Table  3.2.1 

Table  3.3.1 


:  Summary  of  S<mie  Earlier  Studies  in  Triaxial  Tests 

:  Summary  of  Some  Earlier  Studies  in  Ifollow  Grinder  Apparatus 

:  Summary  of  Specific  Gravity,  Dry  Density  and  Void  Ratio 
fiar  Nevada  Sand 

:  Summary  of  Permeability  Test  Results  fi>r  Nevada  Sand 

:  Summary  of  Sieve  Analym  fiv  Nevada  Sand 

:  Nomenclature  Used  fi>r  Dedgnation  of  Triaxial  Tests 

:  Nomenclature  Used  for  Deagnadtm  ofData  Files 

:  Nomenclature  Used  for  Designation  of  Hollow  Grinder  Twsional  Tests 

:  Summary  of  Triaxial,  Undiained,  Strain  GontroOed,  Gonstant  p  Test  Data 
for  Nevada  Sand 

:  Summary  of  Triaxial,  Drained,  Strain  GontroUed,  Gonstant  p'  Test  Data 
for  Nevada  Sand 

:  Summary  of  Triardal,  Undrained,  Stress  Gontrdled,  Gydic  Test  Data 
for  Nevada  Sand 

;  Summary  of  Tiiardal,  Consolidation  and  Rdxxind  Test  Data 
for  Nevada  Sand 

:  Summary  ofConqrression  Index  X  and  Rdxxmd  index  K  for  Nevada  Sand 

:  Summary  of  Hollow  Grinder  Undrained,  Stress  Contrdled,  Cyclic 
Torsional  Shear  Test  Data  for  Nevada  Sand 

:  Summary  of  Hollow  Grinder  Undrained,  Stress  GontroUed,  Rotatirmal 
Shear  Test  Data  for  Nevada  Sand 


5 


In  geotedudcal  engineering  pnctioe,  lalxM'atory  teste  play  an  inqMrtent  it^  In  Ae  past 
30  years,  a  variety  of  apparatuses  fiv  laboiabny  shear  teste  sudi  as  triaxial,  simple  shear  and 
hollow  qdinder  twsional  shear  teste  have  been  devdoped.  In  convenrionai  triaxial  teste,  the 
intermediate  fnindpal  stress  is  equal  to  either  the  miyor  or  minor  principal  stress.  A  90^  junq>  in 
the  migor  principal  stress  may  occur,  but  continuous  rotation  is  not  possiUe  in  a  triaxial 
^paratus.  In  most  fidd  problems,  however,  the  |ninc4>al  stress  directimis  rotate  continuously. 
Table  1.1  lists  the  summary  of  smne  earlier  studies  in  the  conventional  triaxial  tests  for  sand. 
&fost  of  the  hollow  cjdinder  tmaiotud  shear  test  apparatuses  have  the  crqtebility  of  rotating  the 
migor  principal  stress  directions  with  different  magnitude  of  stress  ratio.  Table  1.2  lists  a 
summary  of  some  earlier  studies  of  sand  bdiavim’  in  a  torsioiud  hollow  tyliiKler  apparatus. 

In  spite  of  hs  limited  ability  to  rotate  principal  stresses,  the  triaxial  test  is  a  idativdy 
ample  and  accurate  testing  method.  In  the  fidd  problenos  involving  soil  strength  and  deformation 
bdiavior,  the  effects  of  the  noagnitude  of  the  stress  ratio  are  more  important  than  those  of  the 
rotation  of  princqral  stress  directions.  Therefore,  triaxial  teste  are  extremdy  useful. 

In  this  study,  the  results  of  laboratory  tesdng  of  granular  soU  for  the  calibratitHi  and 
verification  of  the  bounding  surfime  hypoplastidty  modd  for  granular  soils  (Wang  aixl  Dafidias 
1990  atul  Li  1992)  are  presented.  These  tests  included  general  tests  (e.g.  partide  size  analysis, 
maximum  and  mimmum  dry  density  and  permeability  test),  triaxial  tests  and  hoUow  (finder 
toraonal  tests.  AU  of  the  labmatory  test  results  reported  were  performed  at  The  University  of 
California  in  Davis  (UCD).  Several  types  of  triaxial  tests  induding  both  drained  and  undrained, 
monotonic  and  cyclic  tests  were  performed.  In  the  hdlow  cylinder  test  sanq>les,  both  cydic 
torsional  and  rotational  shear  tests  vdiich  involved  rotation  of  prindpal  stress  directions  were 
peiformed. 

This  report  is  compiled  in  two  parts.  The  first  part  is  written  in  five  sections  induding  the 
introduction  (Section  1),  triaxial  tests  (Section  2),  hollow  cylinder  torsional  tests  (Section  3), 


summaiy  oonqMdsmis  (Section  4)  and  oonduaons  (Sectitm  5).  Afterward,  summary  taUes  of 
test  conditions,  plots  of  aU  laboratory  test  results  and  summaiy  plots  of  con^Muisons  ve  presented 
in  sequence  in  the  qipendbc  of  this  report.  Rgures  and  taUes  presented  in  the  first  part  are 
directly  rdated  to  the  contents  of  the  text. 

The  background  of  this  research,  the  material  used  in  the  laboratory  tests  and  the 
laboratory  programs  are  introduced  in  Section  1.1,  Sectkm  1.2  and  Section  1.3,  re^pectivefy. 
inhaOy,  the  units  and  the  stress  and  strain  definitions  used  in  this  rqx)rt  are  described  in  Section 
1.4. 
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Table  1.1:  List  ofSmneEariier  Studies  in  Triaxial  Tests 


1  Reftrence 

Test  Program 

Sulqect  bivestigation 

C^ompresskm 

Influence  dT  end  restraint 

Seed  &  Lee  (1966) 

Cydic 

Lique&ction 

Aithur  &  Mensies  (1972) 

Compression 

Iidwrent  amsotropy 

Castro  (1975) 

(Cyclic 

Liqueftction  and  cydic  mobility 

Ishihara  et  al.  (1975) 

Cyclic 

Undrained  deflxmatkm  and 
liquefiutkm 

lil  III 

Cyclic 

Factors  afibctins  triaxial  test 

Seed  (1979) 

Cyclic 

Lique&ctkm 

Shankariah  &  Ramamurthy 
(1980) 

Omqnession  /  Extension 

Anisotropy  of  sand 

Hettler  &  Vardoulakis 
(1984) 

Conqnesaon 

BdiavKM' of  dry  sand 

Vaid&Cliem(1985) 

Cyclic 

Undrained  response  of  sand 

Lam  &  Tatsuoka  (1988) 

(impression  /  Extenaon 

Efiects  of  initial  anisotropy  and 
defixmation  of  sand 

Gilbert  &  Marcuson  (1988) 

(Cyclic 

1  .  II  1  '  H 

Cbuetal.  (1992) 

(impression 

Strain-softening  bduvior  in 
strain-path  test 
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TaUe  1.2:  List  of  Some  Earlier  Stiufies  in  IfoUow  Cylinder  Ai^Munatus 


Reference 

Rotation  of  Prindpal 
Stress  Direction 

Subject  of  Investigation 

Kirkpatridr  (19S7) 

No 

TnfliiMiM  of  0:1  on  feihire  of  sand 

Whitman  &  Luscher  (1%2) 

No 

Strength  characteristics  of  hollow 
cylinders  of  sand 

Wuetal(1963) 

No 

Failure  envelope 

Brmns  &  Jamal  (1S)65) 

No 

Analysis  oftriaxial  test  on  sand 

Ersig  &  Bemben  (1965) 

No 

Failure  condition  in  sand 

Bardoi  &  Proctor  (1971) 

No 

Drained  strength  of  granular 
material 

Jamal  (1971) 

No 

Shear  Streiudh  of  sand 

Ishil)ashi&Shetif(1974) 

Yes 

Effect  of  Ka  on  liquefection 

Ishihara&Yasuda(1975) 

Yes 

Liquefection  of  sand  under 
irr^fular  cyclic  loading 

Lade (1975) 

Yes 

Influence  of  stress  reorientation  on 
stress-strain  bdiavior 

Ishihara  et  al.  (1980) 

Yes 

Effect  of  principal  stress  rotation 
on  liquefection 

Dusseauh  (1981) 

No 

Tuimeling  and  pressuremeto’ 
testing  in  sand 

Muramatsu  &  Tatsuoka 
(1981) 

Yes 

Cydic  undrained  stress-strain 
behawor 

Saada  &  Townsend  (1981) 

Yes 

Stroigth  of  soil 

Tatsuoka  et  al.  (1982) 

Yes 

Cyclic  undrained  stress-strain 
behavior  of  dense  sand 

Hight  et  al.  (1983) 

Yes 

Effects  of  principal  stress  rotation 

Yamada  &  Ishihara  (1983) 

Yes 

Undrained  deformation  of  sand 

Toixdiata  &  Ishihara  (1985) 

Yes 

Undrained  strength  of  sand 

Alarcon  et  al.  (1986) 

Yes 

Stress-strain  characteristic  of  sand 

msEEsmmm 

Yes 

Drformation  of  anisotropic  sand 

Saada  (1988) 

Yes 

Advantage  /  limitation  of  devices 

Vaidetal.(1990) 

Yes 

Generalized  stress-path-dependent 
soil  behavior 

Yes 

Yielding  and  flow  of  sand 

Wijewickreme  &  Vaid 
(1991) 

Yes 

Stress  Nonuniformity 

Yes 

Flow  theory  for  sand 

Gutierrez  &  Isluhara 
(1993) 

Yes 

Deformation  of  sand 

Y«imsbita&Told(1993) 

Yes 

Anisotropy  of  sand 

(Note:  part  of  this  list  is  obtained  from  Hight  et  al.  1983) 
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1.1.  Background  aod  Scope 


A  three  year  research  program  entitled  "Validation  of  A  Proposed  Raticaal  Material 
Characterization  for  Granular  Sofl"  has  been  conducted  at  the  University  of  Califimua,  Davis. 
The  overall  objective  was  to  devdop  and  validate  the  proposed  liypoplastidty  modd  for  sand 
(Wang  and  Dafiilias  1990).  The  objective  of  the  present  research  focused  on  devdoping  an 
experimental  data  base  as  follows: 

Conduct  a  variety  of  triaxial  and  hollow  cylinder  torsional  tests.  These  involved 
monotonic  and  cyclic  drained  and  undrained  tests.  In  the  hollow  c^inder  torsional  tests,  the 
effects  of  rotation  of  prindpal  stress  direction  were  also  to  be  investigated. 

Paralld  studies  existed  as  follows: 

(1)  Determine  the  parameters  of  the  hypoplastidty  modd  nang  the  di»t*  obtained  in 
triaxial  and  hollow  <^inder  torsional  tests  report  by  Chen  and  Kutter  (1993). 

(2)  Conduct  variety  of  centrifuge  modd  tests  involving  static  and  tfynamic  loading  of 
saturated  and  dry  sand  to  obtain  data  from  boundary  value  proUems  fin  conqMrison  with  dynamic 
finite  dement  analysis.  The  results  of  these  modd  studies  are  described  in  sq>arste  rqports 
(Wilson  and  Kutter,  1993). 

1.2.  Soils  Tested 


Nevada  sand  was  used  to  perform  the  laboratory  tests.  This  sand  was  the  same  material 
used  throughout  the  VELACS  (Verification  of  Liquefrction  Analyris  by  Centrifiige  Studies) 
project  (Arulanandan  and  Scott,  1993). 

Saturated  fine  grained  Nevada  sand  was  used  in  all  of  the  reported  triaxial  and  torrional 
tests.  Attempts  were  made  to  also  study  the  belumor  of  a  coarse  sand,  but  difficulty  arose  due  to 
effects  of  membrane  penetration,  therefore,  the  results  of  the  tests  in  coarse  sand  are  not 
presented. 
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13.  Testing  Program 


The  laboratoiy  tests  in  this  rq)ort  are  divided  into  three  groiq>s:  general  tests,  triaxial  tests 
and  hollow  c^inder  toraonal  tests. 

1.  General  tests: 

The  general  tests  included  maaninuin  and  minimum  diy  density  tests,  permeability  tests  and 
particle-^  analyas.  The  maximum  and  minimum  dry  densities  rq>resent  the  densest  and  loosest 
packing  of  particles  without  crushing  the  grains.  The  standard  test  methods  ASTM  D4253-83 
and  D42S4-83  were  used  to  determine  the  nuedmum  and  minimum  dry  densities,  re^pectiv^. 

Void  ratio  is  the  ratio  between  the  volume  of  vtxds  and  the  volume  of  solid  partides  in  a 
mass  of  soil.  The  amount  of  void  space  within  a  soil  has  an  inportant  effect  on  its  characteristics. 
The  specific  gravity  is  the  ratio  between  the  mass  of  diy  solids  and  the  mass  of  distilled  water 
di^laced  by  the  dry  soU  particles.  The  summary  of  specific  gravity,  dry  dentity  and  void  ratio  for 
Nevada  sand  is  shown  in  Table  1.2.1. 

The  permeability  of  a  soil  is  a  measure  of  its  apadty  to  allow  the  fiow  of  a  fluid  through 
it.  The  fliud  concerned  in  this  report  is  water.  Pomeability  depends  on  a  numbo' of  foctors  (i.e. 
partide  size,  shape,  void  ratio,  degree  of  saturation,  type  of  flow  and  temperature).  It  is, 
however,  an  important  parameter  for  aiulysis  of  flow  of  water  m  boundary  value  problems.  The 
permeability  of  Nevada  sand,  measured  in  the  vertical  direction,  is  summarized  in  Table  1.2.2  for 
various  relative  dendties 

Partide  size  analysis  is  used  for  classification  of  granular  soil's  partides  into  a  separate 
range.  Summaries  of  sieve  analyds  and  grain  size  distribution  for  Nevada  sand  are  shown  in 
Table  1.2.3  and  Hgure  1.2.1,  respectivdy. 
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Table  1.2.1 :  Sununaiy  of  Specific  Gnn^,  Dfy  Den^  and  Vmd  Ratio  fix’ Nevada  Sand 


Gs 

^min 

2.67 

17.33 

13.87 

0.887 

0.551 

Table  1.2.2 :  Summary  of  PenneabOity  Test  Results  fi>r  Nevada  Saird 


RELATIVE  DENSITY  (%) 

PERMEABILITY  (cm/sec) 

91.0 

2.3*103 

60.1 

5.6*103 

40.2 

6.6*10® 

(Data  Source:  Earth  Technology  Co.,  1991) 


Table  1.2.3  :  Summary  of  Sieve  Analy^  for  Nevada  Sand 


Sieve# 

30 

40 

60 

100 

140 

200 

Percentage 

Passng 

99.7 

98.4 

91.1 

40.4 

17.1 

m 

GRAIN  SIZE  DISTRIBUnON  CURVE 


£2 


i 

09 

0* 

I 


GRAIN  SIZE  (u) 


Hgure  1.2.1  :  Grain  Size  Distribution  Curve  for  Nevada  Sand 
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2.  Triaxial  tests: 

Several  types  of  tests  were  performed  in  a  computer  ocnitrc^ed  triaxial  qjparatus.  Tb^ 
included  both  undrained  aiui  drained,  monotonic  and  ^dic  tests.  The  triaxial  test  is  a  standard 
test  in  geotechnical  engineering  research.  It  consists  of  loading  a  <qdindtical  sanqde  of  s(^  with 
variable  lateral  pressure  and  an  axial  load.  A  schematic  of  the  triaxial  apparatus  is  shown  in 
Figure  1.3.1.  Table  1.3.1  shows  the  nomenclature  used  for  designation  of  the  triaxial  tests,  and 
Table  1.3.2  indicates  the  nomenclature  used  for  coaster  data  files.  I^skette  cofnes  of  the  test 
data  will  be  made  available  to  interested  readers.  They  can  be  obtained  by  contacting  the  first 
author  of  tMs  report.  Schematic  stress  paths  for  triaxial  tests  are  illustrated  in  Hgure  1.3.2  to 
assist  the  reader  in  understanding  of  the  nomendature. 

The  procedures  of  triaxial  tests  can  be  rdated  to  numerous  types  of  practical  problems. 
The  triaxial  apparatus  can  control  the  magnitude  (not  the  orientation)  of  the  prindpal  stresses,  the 
drainage  and  the  measurement  of  pore  water  pressure.  Test  results  derived  from  triaxial  tests  can 
provide  valuable  information  for  the  undostanding  of  soil  behador  as  well  as  soil  properties  for 
use  in  numoical  model  simulation  and  practical  design. 

3.  Hollow  cylinder  torsional  tests: 

The  torsional  shear  tests  were  performed  in  the  UCD  hollow  cylinder  torsional  ^paratus. 
They  induded  tordonal  shear  and  rotational  shear  tests.  Figure  1.3.3  diows  the  sdiematic  of  the 
hollow  (finder  torsioiud  apparatus.  The  nomenclature  used  for  dedgnation  of  data  files  and 
torsional  tests  are  shown  in  Tables  1.3.2  and  1.3.3,  respectively. 

During  the  past  30  years,  many  experimental  and  analytical  procedures  have  beat 
devdoped  for  evaluating  the  liquefriction  potential  of  soil  deposit.  Genoally,  procedures 
devdoped  in  eaiiy  days  were  formulated  on  unidirectional  bads  by  dmplifying  the  soil  condition 
during  earthquake  shaking.  The  triaxial  test  (explained  in  previous  section)  is  widdy  used  to 
characterize  soil  in  the  field  and  to  provide  the  data  base  for  soil  constitutive  laws.  Howeva*,  it  is 
known  that  triaxial  testing  can  not  account  for  multi-directional  shear  whidi  has  been  recognized 
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to  represent  the  real  fidd  condhiofis.  Rotati<Hial  shear,  a  special  case  of  non-im^ttioiial  loading, 
can  only  take  place  under  multi-direcdcMial  loading  c(mdhi<»8.  Rotatimial  shear  is  defined  in  das 
report  as  a  stress  path  for  udiich  the  second  invariant  ofthedeviatoric  stress  tensor,  J,i8  constant 
vMe  the  directions  of  the  prindpal  stress  rotate.  Figure  1.3.4  shows  difietent  stress  paths  used 
for  tordonal  tests.  The  hollow  c^inder  tordonal  i^)paratus  has  the  capability  of  omtrolliiig  the 
three  normal  stresses  (a,  cr,  and  Cg)  indq)endentfy,  and  in  addition,  it  can  i^)ply  a  shear  stress, 
which  the  triaxial  ^paratus  can  not  I4)pty.  For  tests  presented  in  this  rqport,  o,  and 
equal  to  each  other. 


Table  1.3.1  :  Nomenclature  Used  for  Dedgnation  of  Triaxial  Tests 


NO. 

NOMENCLATURE 

DESCRIPTION 

1 

CIUCVE 

Isotropically-^nsolidated  one  cyde  undrained 
compresdon  and  reversed  extendon  triaxial  test. 

2 

CIUE/C 

IsotropicaUy-consolidated  one  <^e  undrained 
extendon  and  reversed  compresdon  triaxial  test. 

3 

CIUC 

Isotroincally-consolidated  monotonic  undrained 
compresdon  triaxial  test. 

■ 

CIUE 

Isotropically-consolidated  monotonic  undrained 
extendon  triaxial  test. 

5 

CIDC/E  (p'=Constant) 

Isotropically-consolidated  one  cyde  drained 
compresdon  and  revoaed  extendon  triaxial  test. 

6 

CIDE/C  (p'=Constant) 

Isotropically-consolidated  one  cyde  drained 
extendon  and  reversed  compresdon  triaxial  test. 

■ 

CIDC  (p'=Constant) 

Isotropically-consolidated  monotonic  drained 
compresdon  trianal  test. 

8 

CIDE  (p'=Constant) 

Isotropically-consolidated  monotonic  drained 
extension  triaxial  test. 

9 

ClUCyclic 

Isotropically-consolidated  stress-controlled 
undrained  cyclic  test. 

15 


Microcomputer  |  Process  Interface ;  Test  Apparatus 
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Figure  1.3.1 :  Schematic  of  Triudal  Apparatus 


Deviatoric  Stress  q 


TEST 


PATH 


CIUC/E 

CIUE/C 

ClUC 

CIUE 

CIDC/E  (p’=Const.) 
CIDE/C  (p*=Const.) 
aoc  (p*=Const) 
CJDE  (p'=Const) 
ClUCylic 


O  Ot  C|  Cj  C4  C4 

O  O,  E,  E,  e1 
O  O,  C,  C,  C, 

O  O,  E,  E4 
O  Ot  C*  E^  Ot 
O  O,  E,  C,  O, 

O  Ot  C*  Of 
o  Ot  E,  e; 

O  Ot  Ct  Et  C,  E,  Cl  C,  E,  E,  Cl . O 


Figure  1.3.2  :  Typical  Stress  Paths  for  Triaxial  Tests 
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Table  1.3.2 :  Nomendature  Uaed  Ibr  Deagnation  of  Data  Rles 


N(»^IENCLATURE 

DESCRIPTION 

N60Uxy 

Nmmally  coosoBdated,  undrained,  strain  controlled,  constant  p  test. 

60 :  intwided  rdadve  denaty 

X ;  effective  confining  {xessure 
y :  test  number 

O60Uxy 

Over  consolidated,  undrained,  strain  ccMitrdled,  constant  p  test 

60 :  intended  rdative  density 

X :  effective  confining  pressure 
y:test  number 

NTODxy 

Nmmalfy  consolidated,  drained,  stram  ctmtrdled,  constant  p'  test 

70 :  intended  rdative  density 

X :  effective  confining  pressure 
y :  test  number 

CYxNy 

Normally  consolidated,  undrained,  stress  conttdled,  ^dic  test 

X :  effective  confimng  pressure 
y :  test  number 

CYxOy 

Over  consolidated,  undraned,  stress  contrdled,  cyclic  test. 

X :  effective  confining  pressure 
y:test  number 

NRxCUy 

Hollow  cyfinder  amsotropically  consolidated,  undrained,  stress 
controlled  rotational  sheer  test. 

X : 

y :  test  number 

NKxCUy 

Hofiow  cylinder  amsotropically  consolidated,  undrained,  stress 
controlled  cydic  torsioial  shor  test. 

X :  ( V® J 
y :  test  number 

Table  1.3.3  Nomendature  Used  for  Deagnadon  of  HoDow  Cylinder  TmskHial  Tests 


NO. 

NOMENCLATURE 

DESCRIPTION 

1 

HCCAUTSCydic 

HoOow  c^inder  amsotrofncalty  consolidated, 
undrained,  cydic  torskmal  shear  tests. 

2 

HCCAURS 

Hollow  cylinder  anisotroincalty  consofidated, 
undrained,  rotational  shear  tests 
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Figure  1.3.3  :  Schematic  of  Hollow  Cylinder  Torsional  Apparatus 


1.4.  Dctcri|itioBorUBiti,StreifCfandStrdat 


1.  UUts:  The  SI  qntem  <^units  are  used  m  tiu  report. 

2.  Stresses  and  strains: 


Ju  *  2 

~  pSy 
S, 

p^aj2 

P 

R^JIP 


second  invariant  of  deviatoric  stress  tensor 

deriatoric  stress  tensw 
Kr<»ecker  ddta 
mean  nMmal  stress 
mean  normal  effective  stress 
isotio|»c  invariant  of  deviatmk  stress 
stress  ratio  invariant 


;  Angle  in  x  plane  ^x>de  angle  +  30°) 


Jyt  -  invariant  of  stress  tensor 

c-^LimMhmlKomrnM>km  •  shapc  panunetCT  in  deviatoric  plane 

In  the  above  definition,  the  summation  convention  for  rq>eated  indices  is  assumed. 
For  triaxial  tests:  (<T|  ^  O’, »  o,) 


:  total  vertical  stress 

<fl 

:  effective  vertical  stress 

II 

:  total  lateral  stresses 

Oj’.O,' 

:  effective  lateral  stresses 

u 

:  pore  water  pressure 

:  confining  pressure 

p'*(o,’+2o,0/3 

:  mean  normal  effective  stress 

:  mean  normal  stress 
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fii 

c,=e, 

€,  =  £,+26, 

«,-2(c,-^)/3 


deviatoric  ftms 
ndal  strain 
lirtenl  strains 
vohimetric  strain 
donatoric  strain 


For  an  ^dic  torwHud  and  rotatkaial  shear  tests  in  das  report,  the  internal  and  esctemal 
cavity  pressures  were  equal,  thus  <T«=a,  and  various  stress  and  strain  quantities  are  defined 


bdow: 

J  =  ^ -  a,f  /3+ 
P=(o;+2<t,)/3 

£,=2(€,-€,)/3 

K^aja, 


:  torakxial  shear  stress 

:  second  invariant  of  stress 
:  mean  ncmnal  stress 
:  torsional  shear  strain 
:  trianal  deviatoric  stram 
:  coefBcient  of  lateral  pressure 


For  fiictional  materials,  the  ratio  of  slmar  to  normal  stress  is  known  to  be  most  inqxatant 
parameter  in  characterizing  the  pronnuty  of  the  stress  state  to  a  fiuhire  ctnnfition.  /l=y/p'ba 
parameter  ^ch  diaracterizes  the  ratio  of  shear  to  ncamal  stress  in  inindpal  stress  sptot.  It  is 
known  that  the  value  of  R  at  fiuture,  R,^  depends  on  the  an^e  in  tiie  x  plane,  6.  The  value  of  R  at 
vriuch  phase  transformation  occurs  is  also  a  fiinction  of  0.  This  rqwrt  will  use  C  P>  c  and  e  as 
subsoipts  to  indicate  fiuhire,  phase  transformation,  compression  (0  =  0)  and  extension  (0  =  x/6), 
req)ectiv^. 


22 


2.  TRIAXIAL  I'ES'i'S 


This  section  (novides  all  tiiaxial  test  infonnatioa  in  tins  project.  Saoqde  prq>aration  is 
described  in  Section  2.1  and  test  results  acoompliriied  fiom  different  types  of  triaxial  tests  are 
presented  in  Section  2.2  to  2.S.  These  tests  inchide  undrained  and  drained  strain  contnrfled 
constant  p  tests  (Section  2.2  and  2.3),  undrained  stress  controlled  cyclic  tests  (Section  2.4)  and 
isotropic  consolidation  tests  (Section  2.5).  In  addition,  the  typical  stress  paths  fin-  different  types 
of  triaxial  tests  are  shown  in  Hguie  1.3.2. 


2.1.  Sample  PrqMmition 

The  samples  for  this  study  were  prq)aied  phndation  thitnigh  a  20  inch  hi^  Plexiglas 
c^inder.  The  sand  was  jfed  by  hand  using  a  fiinnd  through  a  #16  sieve  at  the  top  of  the  c^inder. 
For  most  of  the  tests,  the  relative  density  was  i^proximately  70%.  In  a  few  tests,  the  sand  was 
tested  at  much  lower  denrities.  The  diameter  and  height  of  sample  were  about  71  mm  and  ISO 
mm,  re^)ecrivdy.  The  top  and  bottom  sides  of  sand  sample  were  covered  by  the  Plexiglas 
pedestals.  In  order  to  allow  drainage  of  sample  and  measurement  of  pore  watm*  pressure,  these 
Plexiglas  pedestals  were  inlaid  with  porous  stones  (diam^er  =  0.5  inches). 


23 


IX  TriOTiil  TTailniMd  fitniiB  roahullfd  ronifiBt  p  Triti 
(OUC/E,  CIDE^  ClUC  or  CIDE) 

The  results  of  26  undraiiied  strain  oontndied  triaxial  tests  are  repwted.  These  results  (q 
vs.  p',  q  vs.  Cl  and  p*  vs.  Cl)  are  shown  in  Figure  2.2.1  to  Figure  2.2.26.  These  tests  were 
pcffonned  with  various  coiribinations  of  OverctMiscdidation  Ratio  (OCR),  c(Mfiiui^  laessure, 
conyresaion/extenskw  or  bade  i»essure.  To  dieck  the  saturation  of  the  sml  qmmens,  die  pwe 
inessure  coefiBdent  (B  value)  was  measured.  The  B  value  is  the  ratio  of  the  increase  in  pwe 
pcessuie  to  increase  in  total  stress  p  during  isotroiHc  conqnession  vMe  the  sample  is  undrained. 
The  increase  of  pore  pressure  was  recorded  while  tlm  cdl  pressure  was  increased  SO  kPa  for  all 
B  value  measurements.  The  summary  table  for  these  tests  is  shown  mi  TaUe  2.2.1. 

Some  important  observations  are: 


1.  The  stress  ratios  {r  s  at  fidlure  ^>eak  stress  ratio)  and  phase  transformation 

were  obtained  fiom  the  average  of  several  test  results  (Hgure  2.2.a  and  2.2.b)  as  listed  in 
the  following: 

For  undruned  conqiression  tests: 

phase  transformatimi  stress  ratio :  Rp^=O.SS6 
fidlure  stress  ratio  :  R|t=0.8S3 
For  undrained  extension  tests: 

phase  transformation  stress  ratio :  Rp,=0.467 
Mure  stress  ratio :  R|^=0.S24 

The  phase  transformation  is  the  line  corre^nding  to  the  transfimnation  fiom 
conqnession  to  dilation  bdiavior  due  to  deviatoric  loading  (see  Figure  1.3.2). 
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Deviatorfc  Stress  (kPa) 


TRIAXIAL  UNDRAINED  TESTS  ^ 


Mean  Normal  Effective  Stress  (kPa) 

Figure  2.2.a  :  Summary  Plot  for  Deviatoric  Stress  Versus  Mean  Normal  Effective 

Stress  in  Triaxial  Undnuned  Tests  Under  Difi«’ent  Confining  Pressure 


TRIAXIAL  UNDRAINED  TESTS 


A/^  =  L477*-y3*/t^ 
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2.  The  ratio  is  diffcfent  from  the  ratio  at  fruhue  Hu  is 

significant  because  file  faypoplaAichy  modd  assumes  that  c/-c^*c. 


3.  Reasonable  rqieatability  of  results  fi>r  tests  \diich  had  similar  testing  amditions  was 
obtained.  In  this  rqxnt,  fiir  OCR^l,  the  CIUC/E  tests  at  confining  inusure  =  100  kPa 
were  rqieated  three  times  (Figure  2.2.2, 2.2.3  and  2.2.4),  and  rqieated  two  times  at  both 
confining  pressures  »  250  kPa  (Hgure  2.2.5  and  2.2.6)  and  400  kPa.  (Figure  2.2.7  and 
2.2.8)  In  addition,  the  CIUE  tests  (OCR-1)  were  repeated  three  times  at  confining 
pressure-  100kPa(ngure2.2.11, 2.2.12and2.2.13). 

4.  In  almost  every  undrained  test,  the  deviatoric  stress  increased  until  cavitation  occurred. 
After  captation,  the  deviatoric  stress  stabilized,  but  the  stress  ratio  was  observed  to 
increase.  In  fiict,  after  cavitation  occurs  the  test  essentially  becomes  a  drained  test. 

Summary  of  important  observations: 

1.  The  hypoplasfidty  model  shape  parameter  c  (c  =  ^ure  and 

phase  transformation  are  found  to  be  different. 

2.  In  truudal  undrained  test,  after  cavitation  the  deviatoric  stress  stabilized  but  the  stress 
ratio  was  observed  to  increased. 
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15.  IMaxial  Drained  Strain  Controlled  Consult  p*  Tests 
(CIDC/E;  CmETC;  CIDC  or  CIDE) 

The  lesuhs  of  10  drained,  strain  owtroUed,  constant  p*  triaxial  tests  are  rqxMled.  These 
resuhs  (e^  vs.  e|,  q  vs.  £]  and  q  vs.  Cy)  are  shown  in  ngure  2.3.1  to  Rgure  2.3.10.  To  study  shear 
band  phenomena,  3  sanq>les  (N70D100A,  B  and  C)  woe  inqnred  with  thin  horizontal  layers  of 
daric  sand.  The  tfaidmess  of  daric  sand  layer  was  about  1  mm  and  the  distance  between  two  dark 
sand  layers  was  about  25  mm.  In  addition,  to  determine  the  effects  of  fiiction  in  the  apparatus  cm 
measurements  made  by  the  external  load  cdl,  6  tests  (N70D100A,  B,  C,  P  Q  and  R)  were 
performed  vdth  a  second  load  cell  inside  the  triaxial  chamber.  The  summary  table  fix*  testing 
conchtions  of  each  test  is  shown  on  Table  2.3.1. 

Some  inq)ortant  observations  are: 

1.  The  maximum  "Mure"  stress  ratio  Rf  observed  in  drained  tests  was  rignificantly  larger 
than  that  in  undrained  tests.  The  average  stress  ratios  (r  - Mure  line  were 

1.04  and  0.63  in  drained  conq)resaon  and  extension  tests  req[)ectivdy.  The  ratio  ^e. 
sluq>e  &ctor  in  deviatoric  plane)  at  Mure  Cf  (cf‘R|/R£.»K).6)  in  drained  tests  is  dosed  to 
that  in  the  undrained  tests.  The  hypoplasddty  modd  assumes  that  the  shape  parameto',  c, 
is  a  unique  value  for  both  undrmned  and  drained  test  conditions. 

2.  Most  of  the  drtuned  test  results  showed  a  peak  foOowed  by  a  drop  of  deviatoric  stress. 
The  drop  began  vdien  the  axial  strain  reached  6  to  8  %  depending  on  the  confining 
pressure.  The  drop  was  sometimes  sudden  and  sometimes  gradual,  occurring  while  the 
axial  strain  increased  by  an  additional  0.2  (Hgure  2.3.8)  to  3%  (Figure  2.3.6).  The  drop  in 
stress  corresponded  to  a  drop  in  the  dilatancy  rate  and  the  formation  of  a  shear  band. 
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3.  Hie  sanqdes  whh  colored  sand  were  dissected  to  observe  any  shear  bands.  From  tests 
interrupted  at  3.6%  strain,  prior  to  the  drop  m  stress  no  shear  band  was  ^iparent.  From 
tests  stopped  at  8.5%  strain  after  the  drop  was  ccnnidete,  it  qipears  that  the  shear  band 
was  completely  devdoped.  A  photograi^  of  the  colored  sand  is  shown  in  Hgure  2.3.a  fiv 
testNTODlOOA. 

4.  An  exanqile  sketch  which  indicates  the  ofi&et  of  the  sanqile  after  tiiaxial  test 
(N70D100A)  is  presented  in  Hgure  2.3.b.  From  results  of  three  tests  N70D100A,  B  and 
C,  the  thickness  of  the  shear  band  l^)pears  to  be  about  10  to  12  times  D,o  (mean  grain 
size).  The  fidhire  planes  were  incUned  at  the  angles  between  63**  and  65**.  Figure  2.3.c 
shows  the  example  measurements  of  the  vertical  offiet  fiom  the  photograph  of  san^ 
N70D100A  The  ofl&et  at  the  ends  of  the  sample  were  measured  to  be  3.7  mm  at  the  top 
and  9.15  mm  at  the  bottom  of  the  sample.  From  Figure  2.3.4,  the  axial  strain  at  die  end  of 
test,  £,,  was  8.4%.  Once  the  shear  band  is  formed,  it  may  be  assumed  that  all  of  the 
deformation  occurs  on  the  shear  band.  Therefore,  the  axial  strun  corre^nding  to  the 
formation  of  the  shear  band,  e„  can  be  calculated  by 


A 


\riiere,  A  is  the  of&et  across  the  shear  band  and  is  the  initial  length  of  sample.  Thus, 
the  shear  band  formed  at  the  bottom  of  the  sanqile  at  e,  =  0.084  -  9.15  /  147.6  =  2.2%, 
and  the  shear  band  formed  at  the  top  of  the  sample  when  e,  =  0.084  -  3.7  /  147.6  =  5.9%. 

5.  Based  on  the  test  results  (Figure  2.3.d)  measured  from  load  cells  mounted  on  both 
inride  and  outride  of  triaxial  chamber,  a  small  ofifret  of  the  iiutial  reading  (about  -5  kPa  in 
compression  and  +5  kPa  in  extenrion)  was  observed.  The  maximum  o&et  of  test  results 
was  less  than  2  kPa  in  compresrion  test  (N70D100A,  C  and  R)  and  reached  about  8  kPa  in 
extension  test  (N70D100R).  Tins  may  be  the  result  of  friction  induced  between  the 
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loaifiog  rod  and  tibebearii(g<tf  die  cap  (see  figure  1.3.1).  Tbe  results  fix' oompresaioo 
suggest  diat  fiktion  is  idath^  small  For  extension,  die  fiiction  i^pears  to  be  more 
inqwrtant  However,  these  resutts  are  (xily  prdindnaiy  investigations  and  more  data  is 
needed  to  verify  das. 

Summary  of  important  observations: 

1.  Ibe  maximum  "fiuhire"  stress  ratio  Rf  in  drained  tests  was  fisund  to  be  significantly 
larger  than  that  in  undrained  tests. 

2.  Most  of  the  triaxial  drained  test  results  showed  a  peak  fiillowed  by  a  drop  of  deviatoric 
stress.  The  drop  in  stress  crxiesponded  to  a  drop  in  the  dilatanc^  rate  and  the  fixmadon 
ofa  shear  band. 

3.  The  thickness  ofshear  band  was  observed  to  be  about  lOto  12  times  mean  grain  size  of 
the  Nevada  sand.  The  fiiilure  planes  were  inclined  at  the  angles  between  63°  and  65°. 
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•long  hsighi 


Figure  2.3.b ;  Sketch  of  the  Vertical  Ofl&et  of  the  Sample  After  Triaxial  Test 
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Figure  2.3  .c :  Measurements  of  the  Vertical  0£&et  from  Photogr^h 
of  the  Sample  (N70D100A) 
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Axial  Strain  (%) 


2.4.  lViaiialUadraiMdSti«nCoMraledCycifeTcfti(aU<^^ 


The  feaikt  of  3S  cy^  undramed  itress  oontrofled  triaxid  tests  sie  itpofted  in  Rgure 
2.4.1  to  Rguie  2.4JS  (q  vs.  p*.  q  vs.  e,  and  p*  vs.  ej).  These  tests  were  perfixmed  with  vnyiQg 
cyclic  stress  ratio,  over-consoBdatkm  rstio,  oonfinh^  pressure  and  testing  fiequeo^.  For  most  of 
die  tests,  the  testing  period  were  300  sec.  The  summery  table  fix  diese  tests  is  Table  2.4.1. 

Some  inqiortant  observatioos  are: 

1.  The  number  of  ^des  to  cause  3%  strain  fix  different  stress  ratios  was  observed  and  is 
discussed  later  in  connection  with  Figure  4.1.  The  lique&ction  of  dense  sand  is  normally 
considered  to  devd<^  when  die  pore  water  pressure  ratio  builds  iq>  to  a  value  of  100% 
and  the  strains  of  die  order  of  about  S%  (Seed  and  Idriss,  1982).  In  dus  rqiott,  however, 
3%  strain  is  adopted  due  to  the  useful  conqiaiiscms  to  hdlow  c^feider  torwxial  shear  tests 
fi)r  aducfa  the  struns  only  reach  around  3%. 

2.  The  observed  skqies  of  phase  transfiinnation  lines  and  fiuhire  lines  agreed  reasmiaUy 
wdl  with  those  measured  in  undrained  monotonic  tests. 

3.  Some  test  results  show  mean  normal  effective  stress  slight^  less  than  zero.  TUs  is  the 
result  of  an  inccxrect  zero  oflfeet  in  the  pressure  transducers. 


33 


TrtaTfal  Twtl 

Results  of  8  isotfX)fMC  coosoBdstion  tests  are  ryorted  is  FI^Mre  2.5.1  to  Figue  2.5.8. 
Table  2.5.1  sunamarized  die  test  data. 

Some  iinp(»taiit  observadoos  are: 

1.  The  compression  index  X  and  rebound  index  k  fix*  critical  state  sofl  medumics 

(Schofield  and  Wtodi  1968)  were  obtained  and  are  presented  in  Table  2.5.2.  Here, 
Xs  Ae/A^x(p')  fix*  virgin  compresrion  and  ic=  Ae/A^x(^)  fix*  rebound.  X  and  k  were 

not  fisund  to  be  constant  Constant  X  and  k  values  may  appfy  to  a  fimited  range 
oxifining  pressures.  In  ar^  constitutive  modeling  effixts,  these  parameters  must  be 
experimentally  determined  over  die  ixessure  range  of  interest 

2.  The  Iq^pr^lasdcity  model  (Wang  and  Dafidias  1990)  assumes  that  compresskxi  index  X* 
and  rebound  index  W*  are  constants.  Here,  A*  ^dej d{p'/p,)^  for  virgin  conqxession  and 
K  ^def for  rdxMind,  m  idiich  p,  and  p'  are  atmoqiheric  pressure  and  mean 
normal  effective  pressure  reqiectivdy.  It  is  interesting  to  pcrint  out  that  the  values  of  X* 
and  k!*  (Table  2.5.2)  appear  to  be  somevriiat  better  "constants”  than  XandK.  Forexanqde 
X  varies  fiom  0.0031  to  0.0091,  whereas  X*  only  varies  fix>m  0.0037  to  0.0071. 

Summary  of  important  observations: 

1.  The  crxrqxession  index  X  (A  =  Ae/Afn(^'))  rrixxind  index  k  (ic=  Ae/Afn(/7'))  fix’ 
critical  state  sdl  mechanic  were  found  to  be  not  constant.  Constant  values  of  X  and  k  may 
apply  to  a  limit  range  of  confinmg  pressure. 
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2.  Hypoi^aiticity  model  compression  indeac  X*  (AT  and  rebound  mdex 

(r  sd(e/d(p^/^J'^)qq)ear  to  be  better  "constants”  disnX  and  K. 
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3.H0IJX)WCYUWDERT01tSI0WALTl!STS 


Two  different  types  of  tests  (cy^  toniooal  diear  and  rotational  shear  tests)  were 
performed  in  the  hollow  <^inder  apparatus  at  Umversity  of  Califixnia,  Davis. 

The  qrdic  twwMud  shear  test  was  performed  by  initially  applying  the  axial  loading  on 
an  isotropically  ormsolidated  saoq>le  until  foe  dened  coefiBdent  lateral  pressure,  K  (K  ~ 
was  readied.  Shear  stress,  was  than  ^cficaDy  apffoed. 

The  stress  path  of  a  rotatkmal  shear  test  was  perfiMmed  1^  hutialfy  apf^lying  foe  axial 
loading  o,  on  an  isotroincally  consolidated  sanqde  untfl  the  desired  value  of  J 

-a^ )  was  readied.  The  sanqde  was  then  sheared  with  a  ctmstant 
value  of  J.  The  mean  normal  stress  p  was  hdd  constant  while  and  were  wied  in 

such  a  way  that  J  was  constant. 

Sanqile  preparadon  and  general  obsovadmis  of  hollow  ^linder  sanqiles  are  illustrated  in 
Section  3.1.  Cyclic  torsional  and  rotational  shear  test  results  are  presented  in  Sections  3.2  and 
3.3,  respectivdy. 


3.1.  Sample  Preparation  and  General  Observations 

The  samples  used  in  the  hollow  cylinder  torsional  tests  were  prepared  by  phiviatkm 
through  a  20  inch  high  Plexiglas  cyfaainec.  Ihe  sand  was  fed  by  hand  using  a  fonnd  through  a  #16 
aeve  at  foe  top  of  the  c^inder.  The  inside  and  outade  diametm  of  sanqiles  were  about  4  indies 
and  6  inches,  re^iectiv^.  The  hdght  of  sanqiles  was  about  6  indies.  The  range  of  rdative 
denaty  was  68%  to  74%.  The  sanqile  was  covered  with  top  and  bottom  pedestals  and  vacuumed 
along  the  inner  and  outer  v^cal  suifeces  by  two  sqiarate  membranes  (thickness  =  0.012  indies). 
The  inno-  monbrane  was  fixed  by  two  Henglas  ring  wedges  setting  on  the  top  and  bottom  side  of 
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pedestal  indivkliially.  The  outer  membrane  was  fi»d  by  o-flngs.  To  avcM  slippage  and  transfer 
shear  stress  from  pedestals  to  the  sample,  an  epoxy  coated  sand  was  provided  to  the  pedestals.  In 
addition  12  blades  (6  Uades  on  eadi  pedestal)  were  placed  perpendicular  to  the  qx»y  coated 
sand  surfeces.  To  aDow  drainage  of  samide  and  measurement  of  pore  water  ivessure,  total  6 
porous  stones  (diameter  *  O.S  inches)  were  inlaid  on  both  tr^  and  bottom  pedestals. 

Nfost  of  test  results  showed  a  slight  overshoot  in  deviatoric  stress,  ((T,  -txJ/Vs,  during 

the  initial  axial  loading  condition  before  qridicadon  of  tMstmial  shear  stress.  This  is  the  result  of 
fiiction  induced  between  loadiiig  rod  and  bearing  of  top  cap  and  backlash  of  controller.  In 
prdiminary  tests,  significant  binding  was  observed  in  the  piston,  resulting  in  excessive  errms  in 
the  measurements  of  stresses  replied  to  the  sample.  Hus  problem  was  resolved  by  loosening 
certam  parts  of  the  axial  and  toraonal  load  measuronent  ^stem,  but  introduced  some  bacldash  in 
the  torsional  di^lacement  measuring  system.  The  data  was  "corrected"  to  eliminate  the  observed 
baddash.  ngures  3. 2.2, 3. 2. 17  and  3. 3. 2  illustrate  how  the  data  was  corrected.  An  internal  load 
cell  has  been  designed  and  implemented  to  eliminate  these  problems,  but  the  results  presented  in 
thb  report  were  all  obtained  before  the  internal  load  cdU  was  implemented. 
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3JL  Cy^TonioBal  Shear  Test!  (HCCAUTSCydk) 


This  rqKMt  contains  the  results  fixir  cydic  torsional  shear  tests  petfixmed  in  the  UCD 
hollow  finder  tcxsional  ansaratitt  (Figure  1.3.3).  These  results  are  shown  in  Rgures  3.2.1  to 
3.2.20.  The  tests  were  conducted  vnth  the  fbttowii^  values  for  coefiBcient  of  lateral  pressure: 
Og/Oj »  0.41,  0.63, 1.0  and  1.38.  During  a  given  torrional  simple  shear  test  and  a,  were  hdd 
constant  vriiile  the  shear  stress  (56  kPa)  was  cycled,  =  ±56  kPa.  The  summary  table  for 
these  tests  is  shown  on  Table  3.2.1.  The  rdationship  between  stress  ratio  (V^/p*)  ^  d 
in  1C  plane  for  these  four  cydic  toraonal  shear  tests  wiU  be  presented  later  in  Kgure  4.2. 

Some  important  observations  are: 

1.  At  the  same  stress  ratio,  the  number  of  ^rdes  to  cause  3%  strain  for  cydic  torsional 
shear  tests  was  laiga*  than  that  in  cydic  triaxial  tests.  Furthermore,  the  number  of  cydes 
to  cause  3%  strain  conristendy  increased  as  K  deoeased.  K  is  the  initial  ratio  of 

The  rdarionslup  between  cydic  stress  ratio  O-e.  for  triaxial  test  and 

a'  for  torsional  shear  test)  and  the  number  of  cydes  to  cause  3%  strain  will  be 
explained  later  in  Section  4. 

2.  The  mean  normal  efifective  stress  (shown  in  Figures  3.2.5  and  3.2.10)  exhflnted  the 
phenomenon  of  stable  cycling  in  stress  space  between  phase  transformation  and  foOure 
after  certain  number  of  cydes  in  the  conditions  of  K<1.  During  this  ^ding,  the 
magnitude  of  strains  continued  to  inoease.  It  is  interesting  to  note  that  the  duuges  in 
mean  ncnmal  effective  stress  during  stable  cydes  were  about  27%  and  9%  of  the  cydic 
shear  stress,  for  K^.63  and  K’^.41,  respectively.  For  the  cycdic  ample  shear  test 
(K=l),  the  mean  normal  effective  stress  gradually  approached  zero  at  0-^-  sanq)le 
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liquefied)  after  a  certain  number  of  cycles  (shown  in  Figure  3  JS.  IS).  FiM-the  case  ofiOl 
(shown  in  Rgure  3.2.20X  staUe  cycling  berweenfdiasetransfixinatiQn  and  fidhne  was  also 
observed,  but  ^dic  change  in  effective  mean  normal  stresses  during  these  cydes  was 
almost  equal  to  the  magnitude  of  shear  stress  and  the  mean  normal  effective  stress 
was  much  larger  than  zero  at  0^=0. 

3.  Durir^  the  stable  riding  of  stresses  the  shear  strains,  cycled  in  the  range  of  ±0.25% 

and  ±0.3%  for  K«0.41  and  K=0.63,  req)ectivdy  (shown  in  Kgures  3.2.4  and  3.2.9).  The 
shear  strains  in  cyclic  anq)le  shear  test  (K=l,  Le.  the  mryor  prindpal  stress  ±45** 

relative  to  the  vertical  in  Figure  3.2.14)  were  ±3%  in  both  directions  and  gradually 
increased  as  the  number  of  stress  cydes  increased.  It  is  interesting  to  point  out  that  as  K 
approaches  one,  the  iiutial  stress  approaches  an  isotropic  state  0-e.  the  initial  deviatrmc 
stress,  Oz-Ce,  decreases)  yet  the  cyclic  shear  strains,  Ez^,  increase.  The  shear  strains 

increased  in  the  order  K=0.41, 0.63, 1.0  and  1.38. 

4.  For  the  cyclic  sinqile  shear  test,  the  maximum  (fiulure)  stress  ratio  Rf  =  Jjp'  is  0.737 
and  phase  transformation  is  observed  to  occur  st  R^=  Jjp'  =  0.4 .  The  maximum  stress 

ratio  is  in  between  values  obtained  firom  undrained  triaxial  compression  (R|t=0.853)  and 
extension  (R^=0.S24).  The  stress  ratio  at  i^iase  transformation  appears  to  be  less  than 
that  in  both  triaxial  compression  (Rp,=0.SS6)  and  extention  (Rp,^.467)  tests.  A  detailed 
explanation  of  model  paramt^ers  for  the  hypoplastidty  modd  will  be  discussed  in  the 
report  "Calibration  and  Testing  of  the  Proposed  Hypoplastidty  Modd  for  Sand"  (Chen 
and  Kutter,  1993). 

5.  The  maximum  stress  ratios,  R=ylJ^/p\  were  about  0.71,  and  0.56  for  the  cases  of 
K<1  and  K>1,  req)ectively. 
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1.  At  the  same  stress  ratio,  the  tnimba-  of  ^des  to  cause  3%  strain  fin-  cyclic  tMSOoal 
shear  tests  was  laiser  than  that  in  cyclic  triaxial  tests.  The  iiiJiid>er  of  cycles  to  cause  3% 
strain  consistently  increased  as  the  inidal  ratio  of  Og/o,  decreased. 

2.  The  effective  stress  path  exhilMted  the  phenomenon  of  stable  (^cling  between  die  {diase 
transformation  and  fidhire  stress  ratios  for  the  cases  of  K<1  and  K>1  after  a  nuniber  of 
^des.  For  the  cyclic  ample  shear  test  (K-IX  the  mean  normal  effective  stress  gradually 
t^iproadied  zero  at  0,9=0  0.e.  sample  liquefied)  after  a  number  of  cycles. 

3.  In  the  cyclic  toraonal  shear  tests,  the  cydic  shear  strun  anqilitude  (e^  seems  to 
inoease  as  the  ratio  of  Og/a,  increases. 

4.  In  the  cyclic  ample  shear  test,  the  maximum  stress  ratio,  is  between  values  obtained 
from  triiudal  conqiresaon  and  extension  tests,  and  the  stress  ratio  at  phase  transfiinnatbn 
was  less  than  that  in  both  triaxial  compresaon  and  extenaon  tests. 


33.  Rotattonal  Shear  Tests  (HCCAURS) 


The  results  of  two  rotatioaal  sheer  tests  are  repeated  as  follows..  Test  results  are 
presented  in  figures  3.3.1  to  3.3.10.  Each  stress  ^cle  of  the  rotational  shear  tests  was 
accomplished  by  continuous  rotation  of  prinqpal  stress  axes  at  constant  values  of  J .  The 
direction  of  tiie  nuyor  principal  stress  rotated  from  coo^aession  (an^e  9=0*^)  to  sinq>le  shear  (6 
-30**),  then  continuously  rotated  to  extenticai  (6=^**)  and  finalfy  turned  bade  to  con^aessicai 
through  another  sinq>le  shear  conctitioa 

In  these  figures,  the  filled  square,  enq)ty  square  and  phis  sign  syndiols  represent  the 
conefitions  of  compiestion,  extenaon  and  anqde  shear,  reqiectivdy.  These  symbds  were  fixnxl 
to  be  useful  fia*  nuqiping  and  cross  refeieodog  fiom  one  plot  to  another.  The  two  tests  were 
ceaiducted  uang  dififerent  values  of  J  (Figures  3.3.1  and  3.3.ti).  The  chosen  values  of  J  (56  kPa 
and  40  IdPa)  corresponded  to  stress  ratios  that  were  33%  and  24%  of  the  stress  ratio  at  failure  in 
triaxial  conqaestion  tests,  reqiectivdy.  The  summary  table  fi>r  these  tests  is  shown  on  Table 
3.3.1. 

Some  inqiortant  obsovations  are: 

1.  The  relationshq)  between  cydic  stress  ratio,  ^  number  of  c^des  to 

cause  3%  strain  will  be  esqilained  in  later  section  and  is  shown  in  Figure  4.1.  The 
inclination  of  curve  in  the  rotational  tests  ^pear  to  be  high«'  than  that  in  the  triaxial  tests. 
More  data  is  required  to  define  the  rdationship. 

2.  For  both  rotational  tests,  the  stress  ratios,  (o',  -  and  stabilized 

after  readiing  a  large  strain  (shown  in  figures  3.3.4  and  3.3.9).  Although  the 
phenomenon  of  staMlization  of  stress  ratio  was  observed,  the  mean  normal  effective  stress, 
p\  continued  to  diange  radically.  Figures  3.3.3  and  3.3.8,  show  the  change  of  mean 
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normal  eflfecdve  stress,  p\  vnth  the  shear  strain,  e^.  Iiutially,  the  mean  nmmal  efifecdve 
stress  gradually  decreased  resulting  in  an  increase  in  stress  ratio  untfl  the  "stabilizatkm*  of 
stress  ratio  occurred.  During  the  "stable”  ^des,  p'  tended  to  inoease  as  the  direction  of 
stress  moved  from  compression  (6»0**)  to  ample  shear  (0=‘3O*’),  to  extension  (fr=60**)  and 
p'  tended  to  decrease  as  direction  of  loading  rotated  from  extension  to  simple  shear,  to 
compresaoiL  The  minimum  value  of  p*  occurred  at  fr-O**  (triaxial  conq)ression).  The 
maximum  value  of  p'  occurred  at  6=60*’  (triaxial  extenaon).  The  value  of  p'  was  nearly 
constant  as  0  reduced  from  60**  to  30*^. 

3.  The  rdationslup  between  shear  stress,  and  shear  strain,  for  both  rotatioiral  shear 

tests  are  shown  in  Figures  3.3.2  and  3.3.7.  For  6  increasing  from  0**  to  60*^  and  8 
decreaang  from  60**  to  0**,  the  relationship  between  and  appears  to  be  symmetrical. 
The  nucdmum  shear  strain  (e^amiix)  occurs  after  the  peak  value  of  Oje  when  o^e  is  about 
half  of  the  peak  a^.  The  deviatoric  strains  were  not  ^mmetrical,  extension 

strains  were  three  or  four  times  greato-  than  compresrion  strains  in  both  tests.  The 
deviatoric  strain  consistently  returned  to  near  zero  y/bai  the  deviatoric  stress,  was  a 
maximum  (d^K)**).  Similar  to  the  relationship  between  and  e^e,  the  maximum  deviatoric 
strains  occurred  after  the  ma»mum  deviatoric  stress  when  the  magnitude  of  the  deviatoric 
stress  was  about  half  of  its  maximum  value. 

4.  Although  the  shear  stress  and  deviatoric  stress  ratios  stabilized  near  their  phase 
transformation  and  ftulure  surfrices,  the  magmtude  of  shear  strain,  Exe,  and  deviatoric 
strain,  2(e^-e^3,  increased  as  the  numbers  of  stress  cycles  increased.  The  stabilization  of 

stress  ratio  is  clear  in  the  repeatable  loop  in  the  plot  of  vs.  0,0/ p' 

(Figures  3.3.4  and  3.3.9).  The  increasing  rate  of  strain  is  also  dear  in  the  spiral  sluq>e  in 
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the  plot  2(e,<e,y3  vs.  C^igures  3.3.4  and  3.3.9)  In  test  NR40CUS0  (^>40 
vdule  the  shear  strain  reached  about  3%,  e  sudden  increase  of  shear  strain  was  observed. 


5.  The  ^cQng  of  stress  ratios,  and  (Rgures  3.3.5  and 

3.3.10),  from  conq)ressioa  (fr=O*0  to  extension  (fr^dO**)  throu^  the  siiiq)le  shear  state  (6 
»30**)  are  shown  fr>r  tests  NR40CUS0  (J-^0  kPa)  and  NRS6CU50  (7  »  SO  kPa), 
respective^.  These  results  revealed  that  the  stress  ratios  staWlired  after  a  certain  nund>er 
of  cycles.  The  maximum  stress  ratios,  are  about  0.8S  in  conq)ression  and  0.6  in 

extension  for  both  tests.  It  is  interesting  to  point  out  that  the  ratio,  B _ is 

equal  to  0.7  vdiidi  is  between  the  value  and  Cf  determined  fiom  undrained  triaxial  tests. 
In  the  triaxial  tests,  the  ratio  was  0.84  on  phase  transfimnation  line)  and 

was  0.61  on  fidhire  line).  The  values  of  R|^  (0.8S3),  (0.S24),  Rp^  (0.5S6) 

and  Rpe  (0.467)  determined  fiom  undrained  triaxial  tests  as  indicated  on  Kgure  3.3.S  and 
3.3.10  for  reference,  the  stable  cycling  of  stress  ratio  are  bounded  by  the  values  of  R^.  and 
Rfc 

Summary  of  important  observations: 

1.  The  stress  ratios,  (a,  -  <70)y(>/3  ■  p^  and  ^jj^lp',  traced  a  stable  loop  after  reaching  a 

larger  straiiL  Although  the  phenomenon  of  stabilization  of  stress  ratio  was  observed,  the 
mean  normal  effective  stress,  p',  condmied  to  change  cyclicaUy.  The  maximum  value  of  p* 
occurred  at  0=^^  (truudal  extenrion). 

2.  Although  the  shear  stress  and  deviatoric  stress  ratios  stabilized  near  their  phase 
transformation  and  feihiie  surfeces,  the  magnitude  of  shear  strun  and  deviatoric  strain 
increased  as  the  numbers  of  stress  cydes  increased. 
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3.  In  rotatioiiial  shear  tests*  tiie  idationsiBp  between  and  was  found  to  be 

qrnunetiical  but  the  deviatoric  stndns,  in  extension  were  three  or  four  timea 

greater  than  those  in  oonqxession. 

4.  In  n^atitHial  shear  tests,  the  stable  ^ding  of  stress  ratios  are  bounded  by  the  values  of 
triaxial  cooqnession  and  extension  fiuhire  stress  ratios. 
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4.SnMMAKYCO»IFAinSONgOF-naAXlAl.TnitSIOWAl.Ain)«OTA'nOWAI. 
SHEAR  TEST  W 


Figure  4.1  shows  the  summary  data  for  cyclic  stress  ratio  versus  nuniber  of  ^ctes  to  cause 
3%  strain  in  triaxial,  torsi(»al  and  rotational  shear  tests.  It  should  be  noted  that 

■yfj^ = -  0',)*/3+  for  rotational  shear  tests  and  .^7 fiv  triaxial  tests, 

(i.e.  -0  for  triaxial  tests).  For  torsional  shear  tests,  was  ^cled  with  constant  values  for 

(or,  -  Cf),  vdiich  depended  on  the  values  for  coefficient  of  lateral  pressure  K  Thus, 

these  cyclic  stress  ratios  were  calculated  by  umI 

triaxial,  toraoiud  and  rotational  shear  tests,  respectivdy.  These  results  indicate  that  the  soil 
sanqrles  have  similar  relative  den^  are  more  resistant  to  cydic  loading  for  the  rotatimial 
tests  than  for  symmetric  cydic  compression/extension  triaxial  tests.  Note  that  triaxial  tests  with 
unsymmetrical  loading  with  a  largo'  magnitude  of  coirqrresaon  than  extension  never  devdq)ed 
large  stnuns  (for  exatrqrle,  CY2S0N1,  see  Table  2.4.1).  At  the  same  stress  ratio,  the  mirrd>er  of 
cydes  to  cause  3%  strain  in  the  torsional  shear  tests  was  larger  than  that  in  the  ^dic  triaxiai  tests. 
Based  on  these  results,  liquefoction  potential  appears  to  be  overestimated  by  conventional 
symmetrical  trianal  cydic  test  results.  This  r^pears  to  be  inconsistent  with  observations  of 
Tovdiata  and  Ishihara  (1985).  Further  investigation  is  required. 

The  consistent  picture  i^ch  emerges  is  that  the  occurrence  of  triaxial  extoision  states  of 
stress  is  damaging.  In  the  tordonal  shear  tests,  was  cyded  while  was  hdd  constant 
corresponding  to  four  different  initial  values  of  K^cVa,.  For  K>1,  the  initial  state  is  one  of 

triaxial  extendon,  and  for  K<1  the  initial  state  is  triaxial  conqrresaon,  and  for  K=1  the  initial  state 
is  isotropic.  For  K=1  the  cycling  of  corresponds  to  dnqrle  shear.  A  summary  plot  for  the 

relationship  between  t^dic  strain,  and  number  of  cydes  is  shown  in  Figure  4.2.  For  K=1.38 
(extendon),  3%  strain  devdoped  in  4  cydes,  for  K=l,  3%  strain  devdoped  in  7  cycles  but  for 
K=0.41,  only  0.25%  strain  and  for  K^.63,  onfy  0.3%  strain  devdoped  wtoi  the  tests  were 
temunated  after  15  cycles. 
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Figure  4.3  shows  the  raUtionship  between  stress  ntk), 

for  cydk  torsional  shear  tests  perfonned  wMi  diflferent  values  of  coefficient  t^latenl  piessure  K. 
For  the  cyclic  anqile  shear  test  (K«l)  and  was  ^decQ  the  ai^  6  was 

approximaidy  constant  (6»3O*0-  For  K«Oa/o,<l  0-e.  and  was  cyded)  the  angfo  6 

was  started  at  0**  and  cycled  with  the  cycling  of  shear  stress  The  niaxunum  stress  ratios  for 

both  K>°1  and  K<1  were  about  0.71.  For  the  case  of  lO  1,  the  pattern  is  Mmilar  to  that  for  K<1 
but  the  angle  8  was  started  at  60”,  and  the  maxinaim  stress  ratio  was  observed  to  be  0.S6. 

Figure  4.4  shows  a  summary  {dot  of  stress  ratio  versus  angle  6  in  the  a  plane  for  undrained 
and  drained  triaxial,  torsional  shear  and  rotati<mal  shear  tests.  The  points  plotted  in  this 
figure  rqnesent  the  fiuhire  points  in  var]^  conditions  of  triaxial  tests,  the  maximum  point  m 
torsional  shear  test  with  K-1  (cydic  anqile  shear).  The  lines  in  Fgure  4.4  show  the  last  ^de  of 
cydic  torsional  and  rotational  shear  tests.  This  {riot  mi^  be  thou^  of  as  a  map  of  the  foihire 
surfiice.  Note  that  the  data  points  at  drained  and  undrained  triaxial  tests  represent  average  values 
firom  more  than  one  test.  The  angles  of  0”,  30”  and  60”  rqneserit  the  triaxial  conqxession  (a^><s 
,“ae.  single  shear  (<j,-o,«o^  and  triaxial  extension  (o,<o -o®,  o^=0)  tests, 

respectively.  The  path  for  rotational  shear  tests  is  a  loop  between  0”  and  60”.  The  torsional 
shear  tests  for  the  cases  of  K’=cJ<s^  >1  b^in  fi’om  8=0”  and  the  angle  8  increases  as  Kt^ 
inoeases.  For  K<1,  the  test  path  starts  on  8=60”  and  8  decreases  as  the  magnitude  of  <T^ 
inoeases. 

These  results  (Figure  4.4)  show  that  the  maximum  stress  mao,.Jj^fp\  in  triaxial  drained 
conqiression  tests  is  significantly  larger  than  that  in  undrained  compressi(Mi  tests.  This  finding 
also  can  be  conduded  fi’om  the  data  plotted  in  Figure  4.S.  In  ngure  4.5  the  fiUed  square  arxl 
empty  drde  ^mbols  rq)iesent  the  maximum  and  ultimate  stress  ratios,  qjp',  in  drained  triaxial 
tests  respectivdy,  and  the  solid  lines  rqMesent  the  uixlrained  triaxial  stress  paths  under  difiSsreot 
confining  pressures.  Note  that  the  error  bar  for  the  drained  tests  rqnesents  the  scatter  in  stress 
ratios  in  drained  triaxial  compresaon  and  extension  tests.  The  marimum  stress  ratio,  qlp\  in 
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dramed  triaxial  tests  is  larger  than  tint  m  undnuned  tests  m  bodi  coo^resskm  and  cgtteoikxL  The 
difihrence  in  maxhniim  stress  ratio  for  triaxial  undrained  and  drained  tests  qrpears  to  be 
decreaang  as  the  mean  ncxinal  efiective  stress  increases.  The  larger  stress  ratios  at  fidhire  in 
drained  tests  are  also  apparent  in  undrained  tests  after  cavitation  occurs.  The  upward  hook  at  tiie 
end  of  the  undrained  stress  path  corre^nds  to  cavitatioiL 

Based  on  the  results  plotted  in  Figure  4.4.  the  nnxiinum  stress  ratios  in  the  rotatkmal 
shear  tests  for  both  compression  (8=0**)  and  extension  (8=60**)  are  also  found  to  agree  reasonaUy 
wdl  with  the  stress  ratios  in  the  undrained  triaxial  tests.  It  was  observed  that  the  nuudmum  stress 
ratio  in  the  torsional  shear  test  (K=l)  was  larger  tium  that  in  rotational  shear  tests  in  suni^  shear 
direction  (6=30**). 

Several  types  of  laboratory  tests  invohdng  general  tests,  triaxial  shear  tests  and  hdlow 
c^indo*  torriorud  and  rotatioiul  shear  tests  were  conducted  on  sanq>les  of  Nevada  sand  using 
different  fodlities  and  ryrparatus  at  the  University  of  Cahfomia,  Davis.  Ri^arding  the  results 
obtained  from  these  tests,  the  following  enumerated  obsovations  were  made. 

1.  In  triaxial  tests,  the  shape  parameter,  c  (c  =  R — -  /  R  _  ),  for  phase 

transformation  (Cp)  and  foilure  (c^  are  observed  to  be  diffemit.  However,  the 
hypoplastidty  modd  assumes  that  c=Cf=Cp  (Hgure  2.2.a  and  2.2.b). 

2.  The  maximum  "foilure"  stress  ratio  Rf  observed  in  drained  triaxial  tests  was  rignificantly 
larger  than  that  in  undrained  trianal  tests.  The  difference  appears  to  be  decreaang  as  the 
mean  normal  effective  stress  inaeases  (Hgure  4.4).  The  larger  stress  ratios  at  foilure  in 
drained  triaxial  tests  are  also  apparent  in  undrained  tests  after  cavitation  occurs  (Figure 
4.5). 

3.  By  measuring  the  deformed  shape  of  colored  sand  layers  in  some  drained  triaxial 
san^les,  the  thickness  of  shear  bands  was  observed  to  be  about  10  to  12  times  mean  grain 
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size  of  tiie  Nevada  nnd  2.3a  and  2.3.b)  or  about  1.7  to  2.0  mm.  The  fidura 
phmes  were  observed  to  be  in^ned  at  eagles  between  63*  and  65**.  A  drop  in  deviatoric 
stress  (strain  softening)  was  observed  to  occur  as  tibe  fiulure  plane  developed  (e.g.,  Figve 
2.3.8). 

4.  Over  a  limited  range  of  pressure,  values  fi>r  the  conyression  index  X*  and 

rebound  index  in  ftie  hypoplasticity  modd  appear  to  be  more  closely  a  oorotant  than 
values  fi>r  X  and  K  &»-  die  critical  state  sml  mechanics  model  (Table  2.5.2).  However,  the 
l^pc^lasticity  modd  assumes  ftutt  X*  and  are  crmstants. 

5.  At  the  same  stress  ratio,  the  tnnhber  of  cycles  to  cause  3%  strain  ftu*  ^clic  tradcMud 
shear  tests  was  larger  than  Ah- ^dktriaxial  tests  (Hgure  4.1).  Also,  soQ  sanqdes  tested  in 
rotatkmal  shear  appear  to  be  more  renstant  to  ^dic  loadii^  than  sanqdes  subject  to 
symmetrical  cydic  triaxid  tests.  Thus,  the  lique&ction  potential  I4)pear8  to  be 
overestimated  by  conventkmal  symmetrical  triaxial  cydic  test  results.  This  omctusion 
needs  to  be  further  verified  anoe  h  contradicts  the  wdl>known  observation  by  TovduUa 
and  Ishihara  (1985). 

6.  For  the  cycUc  9iiq)le  shear  test  (K=a^a^’^l),  the  mean  normal  effective  stress  gradually 
approached  zero  at  <r^=0  (Figure  3.2.15).  The  effective  stress  path  exhiUted  the 
phenomenon  of  stable  cycling  between  the  phase  transfixmatkm  and  fiulure  stress  ratios 
for  the  cases  of  K<1  and  K>1  after  a  number  of  cydes  (Figure  3.2.5, 3.2.10  and  3.2.20). 


7.  In  the  cydic  ample  shear  test,  the  maximiun  stress  ratio  is  between  values  obtuned 
firom  triaxial  compiesaon  and  extenaon  tests  ^gure  4.4). 
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8.  In  tiie  tenet  of  cytSc  tonioiitl  their  teitt,  tiie  rate  of  change  of  ^cfic  dieer  itnin 
amplitude  aeemt  to  incraeae  at  the  ratio  oi  increetet  CFigure  4.2). 

9.  bi  rotatkmal  ihear  teatc,  the  itrett  ntioa,  and  traced  a 

staUe  k>op  after  a  number  of  ^des  (Rgure  3.3.4  and  3.3.9).  The  itresa  ratiot  qipeared 
to  osdnate  between  the  phaM  tranafiMToatimi  and  fiuhire  tuifiices. 

10.  hi  rotational  shear  teats,  aldiou^  the  shear  stress  and  deviatoric  stress  ratios  stabilized 

near  their  phase  transfisnnation  and  fiuhne  surfiices,  the  magnitude  of  she***  strain,  and 
deviatoric  strain,  increased  as  the  numbers  of  stress  ^des  increased  (Rgure 

3.3.4  and  3.3.9). 

11.  In  rotational  shear  tests,  6  increating  from  0**  to  60°  and  0  decreasing  from  60°  to  0°, 
the  rdationship  between  and  ^  appears  to  be  symmetrical  but  the  deviatoiic  strains 

were  not  symmetrical  (Hg^  3.3.2  and  3.3.7).  The  deviatoric  strains  in 
extension  were  three  or  four  times  greater  than  those  in  compression. 

12.  In  rotational  shear  tests,  the  stable  cycling  of  stress  ratios  are  bounded  by  the  values  of 
triaxial  compresaon  fidlure  stress  ratio  ^  and  extenaon  fiulure  stress  ratio  R|^  (Figure 

3.3.5  and  3.3.10). 

13.  The  maximum  stress  ratio  observed  in  the  rotational  shear  tests  fr>r  both  o(Mnpresa(m 
and  extension  are  finmd  to  agree  reasonably  wdl  with  the  stress  ratios  in  the  undrained 
tiianal  tests  (Figure  4.4). 


49 


&CTWCLV8Ka8S 


The  nu^  accomptishment  of  this  research  has  been  the  geneiitk»  of  a  wide  div«ni^  d 
Itbontory  test  data.  These  test  data  not  oofy  can  be  used  to  support:  the  caSxatioa  and 
verification  of  the  bouncfiqg  swfiioe  faypt^dasticity  modd  fi>r  gnmular  s(h1  but  also  provide  a 
valuable  data  base  fisr  fimher  research  in  constitutive  model  studies.  Summary  cmnparisons  are 
also  made  between  truudal,  cyclic  trwaonal  and  rotatiorud  shear  tests.  The  test  results  indicate 
that  the  rotatirms  of  princ^  stress  directions  have  very  impwtant  effects  on  the  s<m1  deformatkm 
and  strength  characteristics. 

Ri^arditig  the  results  obtained  fiom  these  tests,  soil  sanq)les  tested  in  rotatiorud  shear 
were  fi>und  to  be  more  resistant  to  ^dic  loading  than  sanqdes  in  symmetrical  triaodal  cyclic  tests. 
The  maximum  "fiuhite"  stress  ratio  in  drained  triaxial  tests  was  significantly  larger  than  that  in 
undrained  triasdal  tests.  Also,  the  shape  of  phase  transformation  aiul  fiuhire  surfiices  were 
difierent  vriien  viewed  in  the  x>plane. 

In  the  ^clic  sin^}le  shear  test,  the  stress  rado  on  the  fiuhire  line  is  between  values  obtained 
fi^om  triaxial  conqiresaon  and  extension  tests.  In  rotational  shear  tests,  although  the  shear  stress 
and  deviatoric  stress  ratios  stabilized  near  thdr  phase  transformation  and  fiuhue  surfiues,  the 
magnitude  of  shear  and  deviatoric  strains  still  increased  as  the  numbers  of  stress  ^des  increased. 
Also,  the  stable  cycling  of  stress  ratios  are  found  to  be  bounded  by  the  values  of  triaxial 
compression  and  extoirion  fiuhire  stress  ratios.  In  addition.  The  maximum  stress  ratio  observed 
in  the  rotational  riiear  tests  for  both  compresaon  and  extenrion  are  found  to  agree  reasorubly  well 
with  the  maximum  stress  ratio  in  the  undrained  triaxial  tests. 
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SUMMARY  TABLES  AND  SOME  RESULTS 

ON 

TRIAXIAL,  TORSIONAL  AND  ROTATIONAL  SHEAR  TESTS 


Table  2.2.1 

Table  2.3.1 

Table  2.4.1 
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Table  3  .3.1 


;  Summary  of  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  Data 
for  Nevada  Sand 

:  Summary  of  Triaxial,  Drained,  Strain  Controlled,  Constant  p'  Test  Data 
for  Nevada  Sand 

:  Summary  of  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  Data 
for  Nevada  Sand 

;  Summary  of  Triaxial,  Consolidation  and  Rebound  Test  Data 
for  Nevada  Sand 

;  Summary  of  Compression  Index  X  and  Rebound  index  k  for  Nevada  Sand 

;  Summary  of  Hollow  Cylinder  Undrained,  Stress  Controlled,  Cyclic 
Torsional  Shear  Test  Data  for  Nevada  Sand 

;  Summary  ofHollow  Cylinder  Undrained,  Stress  Controlled,  Rotational 
Shear  Test  Data  for  Nevada  Sand 
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Table  2.4.1  :  Summary  of  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  Data  for  Nevada  Sand 
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Table  3.2.1  :  Summary  of  Hollow  Cylinder  Undrained,  Stress  Controlled,  Cyclic  Torsional  Shear  Test  Data  for  Nevada 
Sand 
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Figure  2.2. 1  ;  Triaidal,  Undrained,  Strain  Controlled,  Constant  p  Test  (N50U1) 
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N60U1001:  TRIAXIAL  UNDRAINED  STRAIN  CONTROLLED 


Rgure  2.2.2 


MEAN  NORMAL  EFFECTIVE  STRESS  (KPA)  DEVIATORIC  STRESS  (KPA)  DEVIATORIC  STRESS  (KPA) 


I^gure  2.2.3 
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Figure  2.2.4  :  Triaxial,  Undrained,  Stnun  Controlled,  Const.  Test  (N60U1003) 
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Figure  2.2.6  :  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  (N60U2502) 
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Egure  2.2.7  :  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  (N60U4001) 
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Hgure  2.2.8  :  Triaxial,  Undrained,  Stram  Controlled,  Constant  p  Test  (N60U4002) 
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Figure  2.2. 10  ;  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  (N50U2) 
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Figure  2.2. 1 1  :  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  (N60U1006) 
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Figure  2.2.12  :  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  (N60U1008) 
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Figure  2.2.13  ;  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  (N60U1009) 
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N60U2506:  TRIAXIAL  UNDRAINED  STRAIN  CONTROLLED 
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Figure  2.2. IS  :  Triaxial,  Undrained,  Strm  Controlled,  Constant  p  Test  (N60U4006) 
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Figure  2.2. 16  ;  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  (10N400U1,  Dr=18%) 
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Figure  2.2. 17  :  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  (40N250U1,  Dr=47%) 
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Figure  2.2.18  ;  Triaxial,  Undrained,  Strun  Controlled,  Constant  p  Test  (O50U3) 
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Figure  2.2. 19  ;  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  (060U2001) 
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Figure  2.2.20  :  Trianal,  Undrained,  Strain  Controlled,  Constant  p  Test  (OSOU2) 
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Kgure  2.2.21  ;  Triaxial,  Undrained,  Strrun  Controlled,  Constant  p  Test  (C)60U2006) 
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Figure  2.2.22  ;  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  (O50U1) 
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Figure  2.2.23  :  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  (060U1001) 
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Figure  2.2.24  :  Triaidal,  Undrained,  Strain  Controlled,  Constant  p  Test  (060U1002) 


MEAN  NORMAL  EFFECTIVE  STRESS  (KPA)  OEVIATORIC  STRESS  (KPA) 


O50U4:  TRIAXIAL  UNDRAINED  STRAIN  CONTROLLED 


AXIAL  STRAIN  (%) 

Figure  2.2.25  ;  Triaxial,  Undrained,  Strain  Controlled,  Constant  p  Test  (O50U4) 
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Figure  2.3. 1  :  Triaxial,  Drained,  Strain  Controlled,  Constant  p'  Test  (N70D501) 
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Figure  2.3.2  ;  Triaxial,  Dnuned,  Strain  Controlled,  Constant  p'  Test  (N70D1001) 
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Figure  2.3.3  ;  Triaxial,  Drained,  Strain  Controlled,  Constant  p'  Test  (N70D2501) 
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Figure  2.3 .4  ;  Triaxial,  Drained,  Strain  Controlled,  Constant  p'  Test  (N70D100A) 
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Figure  2.3.5  :  Triaxial,  Drained,  Strain  Controlled,  Constant  p*  Test  (N70D100B) 
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Figure  2.3.7  :  Triaxial,  Drained,  Strain  Controlled,  Constant  p'  Test  (N70D1005) 
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Figure  2.3.8  :  Triaxial,  Drained,  Strain  Controlled,  Constant  p'  Test  (N70D2505) 
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Figure  2.3.9  :  Triaxial,  Drained,  Strain  Controlled,  Constant  p’  Test  (N70D100P) 
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Figure  2.3.10  :  Triaxial,  Drained,  Strain  Controlled,  Constant  p’  Test  (N70D100R) 
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Figure  2.4.35  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY50O2) 
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Figure  2.4. 1  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY50N1) 
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Figure  2.4.2  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CYlOONl) 
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Rgure  2.4.3  ;  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY100N2) 
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Figure  2.4.4  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY100N3) 
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Figure  2.4.6  :  Triaxial,  Undrained,  Stress  Controlled,  Cydic  Test  (CYIOONS) 
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Figure  2.4.7  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY100N6) 
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Figure  2.4.8  :  Triaxial,  Undrained,  Stress  ControUed,  Cyclic  Test  (CY250NI) 
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Figure  2.4.9  ;  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY250N2) 
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Hgure  2.4.10  :  Triaxtal,  Undrained,  Str^  Controlled,  Cyclic  Test  (CY250N3) 
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Figure  2.4. 1 1  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY250N4) 
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Figure  2.4. 12  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY250N5) 
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Figure  2.4. 13  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY250N6) 
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Figure  2.4. 14  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY250N7) 
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Hgure  2.4. 1 5  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY250N8) 
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Figure  2.4. 16  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY250N9) 
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Figure  2.4. 1 7  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY250N10) 
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Figure  2.4. 18  ;  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY250N1 1) 
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Figure  2.4. 19  :  Tria^dal,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY2S0N12) 
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Figure  2.4.20  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY250N13) 
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Rgure  2.4.21  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY250N14) 
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Figure  2.4.22  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY50O1) 
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Figure  2.4.23  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CYlOOOl) 
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Figure  2.4.24  :  Triawal,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY100021) 
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Figure  2.4.25  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY100022) 


MEAN  NORMAL  EFFECTIVE  STRESS  (KPA)  DEVIATORIC  STRESS  (KPA)  DEVIATORIC  STRESS  (KP/^ 


70 
to 

SO 
40 
SO 
20 
10 
0 

•10 
-20 
•20 
-40 
•SO 
-00 
-70 

AXIAL  STRAIN  (%) 


AXIAL  STRAIN  (%) 

Figure  2.4.26  ;  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY20001X) 


MEAN  NORMAL  EFFECTIVE  STRESS  (KPA)  OEVIATORIC  STRESS  (KP>^  OEVIATORIC  STRESS  (KP^ 


CY200021:  TRIAXIAL  UNDRAINED  STRESS  CONTROLLED 


AXIAL  STRAIN  (%) 

Figure  2.4.27  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY200021) 
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Figure  2.4.28  ;  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY10002) 
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Figure  2.4.29  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY100O3X) 
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Figure  2.4.30  ;  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY100O4) 
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Hgure  2.4.3 1  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY100046 
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Figure  2.4.32  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CYKKKM? 
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Figure  2.4.33  ;  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CY100048) 
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Figure  2.4.34  :  Triaxial,  Undrained,  Stress  Controlled,  Cyclic  Test  (CYl(X)C)49) 
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Figure  2.4.35  ;  Triaxial,  Undrained,  Str^  Controlled,  Cyclic  Test  (CY50O2) 
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Figure  2.5.1  :  Truudal  Consolidation  Test  (CY50O2C) 
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Figure  2.5.2  ;  Triaxial  Consolidation  Test  (CY100O3C) 
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IHgure  2.S.3  :  Triasdal  Consolidation  Test  (CY100C46) 
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Figure  2.5.4  ;  Triaxial  Consolidation  Test  (CY100C48) 
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Hg^^e  2.5.5  :  Triaxial  Consolidation  Test  (CY100C49) 
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Figure  2.5.6  :  Triaxial  Consolidation  Test  (060C1001) 
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Figure  2.5.7  ;  Triaxial  Consolidation  Test  (060C1002) 
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Figure  2.5.8  :  Tiianal  Consolidation  Test  (060C1006) 
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Kgure  3.2.2  :  Hollow  Cylindo*  Cyclic  Toraonal  Shear  Test  (NK41CU50) 
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Figure  3.2.3  :  Hollow  Cylinder  Cyclic  Torsional  Shear  Test  (NK41CU50)  - 
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Hguie  3.2.5  :  HoOow  Cylinder  Cydic  Tordonal  Shear  Test  (NK41CUS0) 
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Figure  3.2.7  ;  Hollow  Cylinder  Cydic  Torsional  Shear  Test  (NK63CU50) 
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Figure  3.2.9  :  Hollow  Cylinder  Cyclic  Torsional  Shear  Test  (NK63CU50) 
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Figure  3.2. 10  :  Hollow  Cylinder  Cyclic  Torsional  Shear  Test  (NK63CU50) 
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Figure  3.2. 1 1  ;  Hollow  Cylinder  Cyclic  Torsional  Shear  Test  (NK10CU50) 
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Figure  3.2. 12  :  Hollow  Cylinder  Cyclic  Torsional  Shear  Test  (NK10CU50) 
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Figure  3.2. 13  :  Hollow  Cylinder  Cyclic  Toraonal  Shear  Test  (NK10CU50) 
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NK10CU50  :  UNDRAINED  STRESS  CONTROLLED  TORSIONAL  SHEAR  TEST 
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Figure  3.2.15  :  Hollow  Cylinder  Cyclic  Torsional  Shear  Test  (NK10CU50) 
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Figure  3.2.16  ;  Hollow  Cylinder  Cyclic  Torsional  Shear  Test  (NK138U51) 
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Figure  3.2.17  :  Hollow  Cylinder  Cyclic  Torsional  Shear  Test  (NK138U51) 
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Figure  3.2. 18  :  HoUow  Cylinder  Cyclic  Torsional  Shear  Test  (NK138U51) 
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Figure  3.2.19  :  Holloa  Cylinder  Cyclic  Toraonal  Shear  Test  (NK138U51) 
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Fig^re  3.2.20  ;  Hollow  Cylinder  Cyclic  Torsional  Shear  Test  (NK138U5 1) 
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Figure  3.3.1  :  Hollow  Cylinder  Rotational  Shear  Test  (NR40CU50) 
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Figure  3.3.2  :  Hollow  Cylinder  Rotational  Shear  Test  (NR40CU50) 
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Figure  3.3.3  ;  Hollow  Cylinder  Rotational  Shear  Test  (NR40CU50) 


Figure  3.3.5  :  Hollow  Cylinder  Rotational  Shear  Test  (NR40CU50) 
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Figure  3.3.6  ;  Hollow  Cylindw  Rotational  Shear  Test  (NR56CU50) 
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Figure  3.3.7  :  Hollow  Cylinder  Rotational  Shear  Test  (NR56CU50) 
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Figure  3.3.8  :  Hollow  Cylinder  Rotational  Shear  Test  (NR56CU50) 
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Figure  3.3. 10  :  Hollow  Grinder  Rotational  Shear  Test  (NR56CU50) 
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Figure  4.2  :  Relation^p  Betweoi  Cyclic  Strain  and  Number  of  Cycles  in  Hollow 

Cylinder  Cyclic  Torsion  Shear  Tests 
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CAL  STATE  UNIV  FULLERTON  /  RAMSAMOOJ,  FULLERTON,  CA 

CAI.  STATE  UNIV  LONG  BEACH  /  C.V.  CHELAPAIT,  LONG  BEACH,  CA 

CAL  TECH  /  HUSHMAND,  PASADENA,  CA 

CAL  TECH  /  SCOTT,  PASADENA,  CA 

CALTRANS  /  HOLLAND,  SACRAMENTO,  CA 

CASE  WESTERN  RESERVE  UNIV  /  CE  DEPT  (PERDKARIS),  CLEVELAND,  OH 

CATHOLIC  UNIV  /  CE  DEPT  (KIM)  WASHINGTON,  DC 

CENTRIC  ENGINEERING  SYSTEMS  INC  /  TAYLOR,  PALO  ALTO,  CA 

CHEVRON  OIL  FLD  RSCH  CO  /  ALLENDER,  LA  HABRA,  CA 

CNO  /  DCNO,  LOGS,  OP-424C,  WASHINGTON,  DC 

COGUARD  /  SUPERINTENDENT,  NEW  LONDON,  CT 

COLLEGE  OF  ENGINEERING  /  CE  DEPT  (AKINMUSURU),  SOUTHFIELD,  MI 

COLLEGE  OF  ENGINEERING  /  CE  DEPT  (GRACE),  SOUTHFIELD,  MI 


COLORADO  SCHOOL  OF  MINES  /  DEPT  OF  ENGRO  (CHUNG).  GOLDEN.  CO 

COLORADO  STATE  UNIV  /  CE  DEPT  (CHARLIE).  FORT  COLLINS.  CO 

COLORADO  STATE  UNIV  /  CE  DEPT  (CRISWELL).  FORT  COLLINS.  CO 

CONSTRUCTION  lECH  LABS.  INC  /  G.  CORLEY.  SKOKIE.  IL 

CORNELL  UNIV  /  CIVIL  &  ENVIRON  ENGRO.  ITHACA.  NY 

CORNELL  UNiV  /  UB.  ITHACA.  NY 

DAMES  &  MOORE  /  UB.  LOS  ANGELES.  CA 

DOD  /  EXPLOS  SAFETY  BRD,  ALEXANDRIA.  VA 

DOT  /  TRANSP  SYS  CEN  (TONG),  CAMBRIDGE.  MA 

DTIC  /  ALEXANDRIA.  VA 

DTRCEN  /  CODE  172.  BETHESDA.  MD 

DTRCEN  /  CODE  1760.  BETHESDA.  MD 

EARTH  TECH  /  MURALEETHARAN,  IRVINE,  CA 

EXXON  PRODUCTION  RSCH  CO  /  OFFSHORE  OP  DIV.  HOUSTON,  TX 

FLORIDA  ATLANTIC  UNIV  /  OCEAN  ENGRG  DEPT  (MARTIN),  BOCA  RATON.  FL 

FLORIDA  ATLANTIC  UNIV  /  OCEAN  ENGRG  DEPT  (SU),  BOCA  RATON,  FL 

FLORIDA  ATLANTIC  UNIV  /  OCEAN  ENGRG  DEPT  (WOLF)  B<X:a  RATON,  FL 

FLORIDA  INST  OF  TECH  /  CE  DEPT  (KALAIIAN),  MELBOURNE,  FL 

GEORGE  WASHINGTON  UNIV  /  ENGRG  &  APP  SO  SCHL,  WASHINGTON.  DC 

GEORGIA  INST  OF  TECH  /  ARCH  COLL  (BENTON).  ATLANTA.  GA 

GEORGIA  INST  OF  TECH  /  CE  SCHL  (KAHN),  ATLANTA,  GA 

GEORGIA  INST  OF  TECH  /  CE  SCHL  (SWANGER),  ATLANTA,  GA 

GEORGIA  INST  OF  TECH  /  CE  SCHL  (ZURUCK).  ATLANTA,  GA 

GEORGIA  TECH  /  CHAMEAU,  ATLANTA,  GA 

GEOTECHNICAL  ENGRS,  INC  /  MURDOCK.  WINCHESTER,  MA 

GRE  INC  /  GAFFNEY,  ALBUQUERQUE,  NM 

HKS  INC  /  RESENDE,  PAWTUCKET,  RI 

HQ  AFESC  /  RDC  (DR.  M.  KATONA),  TYNDALL  AFB,  FL 

HUS  INC  /  NAGTEGAAL,  PAWTUCKET,  RI 

IOWA  STATE  UNIVE  /  CE  DEPT.  AMES,  lA 

JOHN  J  MC  MULLEN  ASSOC  /  UB.  NEW  YORK,  NY 

JOHNS  HOPKINS  UNIV  /  CE  DEPT,  COX,  BALTIMORE,  MD 

JOHNS  HOPKINS  UNIV  /  CE  DEPT.  JONES,  BALTIMORE,  MD 

KARAGOZIAN  &  CASE  /  CRAWFORD,  GLENDALE,  CA 

KING  SAUD  UNIV  /  AL-SHAURANI,  RIYADH, 

KSU  /  FRITCHEN,  MANHATTAN,  KS 

LAWRENCE  LIVERMORE  NATIONAL  LAB  /  MCCULLEN,  LIVERMORE.  CA 

LAWRENCE  LIVERMORE  NATL  LAB  /  FJ  TOKARZ,  LIVERMORE,  CA 

LAWRENCE  LIVERMORE  NATL  LAB  /  PLANT  ENGRG  UB,  LIVERMORE.  CA 

UN  OFFSHORE  ENGRG  /  P.  CHOW.  SAN  FRANOSCO,  CA 

LOCKHEED  /  RSCH  LAB  (M.  JACOBY),  PALO  ALTO,  CA 

LOCKHEED  /  RSCH  LAB  (P  UNDERWOOD),  PALO  ALTO,  CA 

MC  CLELLAND  ENGRS,  INC  /  UB,  HOUSTON,  TX 

MICHIGAN  TECH  UNIV  /  CO  DEPT  (HAAS),  HOUGHTON,  MI 

MIT  /  WHITMAN,  CAMBRIDGE.  MA 

NATL  ACADEMY  OF  SCIENCES  /  NRC,  DR.  CHUNG,  WASHINGTON,  DC 
NAVAIRWIWSTA  /  CODE  1018,  POINT  MUGU,  CA 
NAVCOASTSYSCEN  /  CO,  PANAMA  CITY,  FL 
NAVFACENGCOM  /  CODE  04A1D,  ALEXANDRIA,  VA 
NAVFACENGCOM  /  CODE  04A3,  ALEXANDRIA,  VA 
NAVFACENGCOM  /  CODE  04C2,  ALEXANDRIA,  VA 
NAVPGSCOL  /  CODE  61WL  (O  WILSON),  MONTEREY,  CA 
NAVSURFWARCEN  COASTSYSTA  /  CODE  0222,  PANAMA  CITY,  FL 
NAVSWC  /  CODE  W42  (GS  HAGA),  DAHLGREN,  VA 


NFESC  /  CX>DE  ESC20.  PORT  HUENEME.  CA 

NFESC  ECDET  /  CECIUO.  WASHINGTON,  DC 

NOARL  /  CODE  440,  NSTL,  MS 

NORDA  /  CODE  I121SP.  NSTL,  MS 

NORDA  /  CODE  3S2.  NSTL.  MS 

NORDA  /  CODE  363,  NSTL.  MS 

NORDA  /  CODE  440.  NSTL.  MS 

NORTHWESTERN  UNIVERSITY  /  BAZANT.  EVANSTON,  IL 
NRL  /  CODE  4430,  WASHINGTON.  DC 

NSF  /  STRUC  &  BLDG  SYSTEMS  (KP  CHONG).  WASHINGTON.  DC 

NUSC  DET  /  NEWPORT,  RI 

NUSC  DET  /  CODE  44  (MUNN),  NEW  LONDON.  CT 

NUSC  DET  /  DOC  UB,  NEW  LONDON,  CT 

OCNR  /  CODE  10P4  (KOSTOFF),  ARLINGTON,  VA 

OCNR  /  CODE  1121  (EA  SILVA),  ARLINGTON.  VA 

OHIO  STATE  UNTV  /  BYRD  POLAR  RESEARCH  CENTER,  COLUMBUS,  OH 

OHIO  STATE  UNIVERSITY  /  WU.  COLUMBUS,  OH 

ONR  /  CODE  1132SM,  ARLINGTON,  VA 

OREGON  STATE  UNIV  /  CE  DEPT  (LEONARD),  STORRS,  CT 

OREGON  STATE  UNIV  /  CE  DEPT  (YIM),  CORVALUS,  OR 

PENNSYLVANIA  STATE  UNTV  /  APPLIED  RSCH  LAB,  STATE  COLLEGE,  PA 

PMB  ENGRG  /  LUNDBERG,  SAN  FRANCISCO,  CA 

PORT  OF  LA  /  WTITKOP,  SAN  PEDRO.  CA 

PRINCETON  UNIV  /  PREVOST.  PRINCETON,  NJ 

PURDUE  UNIV  /  CE  SCOL  (CHEN).  WEST  LAFAYETTE,  IN 

SAN  DIEGO  STATE  UNTV  /  CE  DEPT  (KRISHNAMOORTHY),  SAN  DIEGO,  CA 

SAN  DIEGO  STATE  UNIV  /  CE  DEPT  (NOORANY),  SAN  DIEGO,  CA 

SANDIA  NATIONAL  LAB  /  WEINGARTEN,  LIVERMORE,  CA 

SANDIA  NATL  LABS  /  UB.  LIVERMORE,  CA 

SCOPUS  TECHNOLOGY  INC  /  (B  NOUR-OMED),  EMERYVILLE,  CA 

SCRIPPS  INST  OF  OCEANOGRAPHY  /  UB,  LA  JOLLA,  CA 

SHANNON  &  WILSON,  INC  /  UB.  SEATTLE,  WA 

SHELL  OIL  CO  /  E.  DOYLE,  HOUSTON,  TX 

SHUGAR,  T  A  /  VENTURA,  CA 

SOUTHWEST  RSCH  INST  /  MARCHAND,  SAN  ANTONIO,  TX 

SRI  INTL  /  ENGRG  MECH  DEPT  (GRANT),  MENLO  PARK,  CA 

STANFORD  UNIV  /  CE  DEPT  (PENSKY),  STANFORD,  CA 

STANFORD  UNIV  /  DIV  OF  APP  MECH  (SIMO),  STANFORD,  CA 

STANFORD  UNIV  /  KIREMIDJIAM,  STANFORD,  CA 

STATE  UNIV  OF  NEW  YORK  /  CE  DEPT.  BUFFALO,  NY 

TEXAS  A&M  UNIV  /  CE  DEPT  (NffiDZWECKI),  COLLEGE  STATION,  TX 

TEXAS  A&M  UNIV  /  OCEAN  ENGR  PROJ,  COLLEGE  STATION,  TX 

TRW  INC  /  ENGR  UB.  CLEVELAND,  OH 

TUFTS  UNIV  /  SANAYEI,  MEDFORD,  MA 

UNIV  OF  CALIFORNIA  /  CE  DEPT  (FENVES),  BERKELEY,  CA 

UNIV  OF  CALIFORNIA  /  CE  DEPT  (HERRMANN),  DAVIS.  CA 

UNIV  OF  CALIFORNIA  /  CE  DEPT  (KUTTER),  DAVIS,  CA 

UNIV  OF  CALIFORNIA  /  CE  DEPT  (MITCHELL),  BERKELEY,  CA 

UNIV  OF  CALIFORNIA  /  CE  DEPT  (RAMEY),  DAVIS,  CA 

UNIV  OF  CALIFORNIA  /  CE  DEPT  (ROMSTAD),  DAVIS,  CA 

UNIV  OF  CALIFORNIA  /  CTR  FOR  GEOTECH  MODEL  (IDRISS),  DAVIS,  CA 

UNIV  OF  CALIFORNIA  /  INMAN.  LA  JOLLA,  CA 

UNIV  OF  CALIFORNIA  /  MECH  ENGRG  DEPT  (TUUN),  SANTA  BARBARA.  CA 
UNTV  OF  CALIFORNIA  /  SEED,  BERKELEY,  CA 


UNIV  OF  COLORADO  /  CE  DEFT  (HON-YIM  KO).  BOULDER,  CO 

UNIV  OF  COLORADO  /  STURE,  BOULDER.  CO 

UNIV  OF  CONN  /  ACCORSI,  STORRS,  CT 

UNIV  OF  CONNECTICUT  /  UB.  GROTON,  CT 

UNIV  OF  DELAWARE  /  CE  DEFT.  NEWARK.  DE 

UNIV  OF  HAWAH  /  CE  DEFT  (CHIU).  HONOLULU.  HI 

UNIV  OF  HAWAn  /  MANOA.  UB.  HONOLULU.  HI 

UNIV  OF  HAWAH  /  OCEAN  ENGRG  DEPT  (ERTEKIN),  HONOLULU.  HI 

UNIV  OF  HAWAH  /  RIGGS,  HONOLULU,  HI 

UNIV  OF  HXINOIS  /  GHABOUSSI.  URBANA,  IL 

UNIV  OF  ILLINOIS  /  METZ  REF  RM,  URBANA.  IL 

UNIV  OF  N  CAROLINA  /  CE  DEPT  (GUPTA).  RALEIGH.  NC 

UNIV  OF  N  CAROLINA  /  CE  DEPT  (TUNG).  RALEIGH.  NC 

UNW  OF  NEVADA  /  SIDDHARTAN,  RENO,  NV 

UNIV  OF  NEW  MEXICO  /  NMERI,  HL  SCHREYER.  ALBUQUERQUE.  NM 

UNIV  OF  RHODE  ISLAND  /  CE  DEPT  (KARAMANUDIS),  KINGSTON.  RI 

UNIV  OF  RHODE  ISLAND  /  CE  DEPT  (KOVACS),  KINGSTON,  RI 

UNIV  OF  RHODE  ISLAND  /  CE  DEPT  (LEE).  KINGSTON,,  RI 

UNIV  OF  RHODE  ISLAND  /  CE  DEPT  (TSIATAS),  KINGST(»I.  RI 

UNIV  OF  SOUTHERN  CALIFORNIA  /  JEAN-PIERRE  BARDET,  LOS  ANGELES.  CA 

UNIV  OF  TEXAS  /  CE  DEPT  (STOKOE).  AUSTIN.  TX 

UNIV  OF  TEXAS  /  ROESSET,  AUSTIN,  TX 

UNIV  OF  WASHINGTON  /  CE  DEPT  (KRAMER),  SEATTLE,  WA 

UNIV  OF  WASHINGTON  /  CE  DEPT  (MATTOCK).  SEATTLE,  WA 

UNIV  OF  WISCONSIN  /  GREAT  LAKES  STUDIES  CEN,  MILWAUKEE.  W1 

UNIV  OF  WYOMING  /  CIVIL  ENGRG  DEPT,  LARAMIE,  WY 

US  COE  /  WALZ,  WASHINGTON,  DC 

US  GEOLOGICAL  SURVEY  /  MARINE  GEOLOGICAL  OFFC,  RESTON,  VA 

US  NUCLEAR  REGULATORY  COMMISSION  /  KIM,  WASHINGTON,  DC 

USA  CERL  /  WALASZEK,  CHAMPAIGN,  IL 

USACOE  /  CESPD-CO-EQ.  SAN  FRANaSCO,  CA 

USNA  /  OCEAN  ENGRG  DEPT,  ANNAPOUS,  MD 

WEIDUNGER  ASSOC  /  F.S.  WONG,  LOS  ALTOS,  CA 

WISS,  JANNEY,  ELSTNER,  &  ASSOC  /  DW  PFEIFER,  NORTHBROOK.  IL 

WOODWARD  CLYDE  CONSULTANTS  /  MORIWAKI,  SANTA  ANA,  CA 

WOODWARD-CLYDE  CONSULTANTS  /  R.  CROSS.  OAKLAND,  CA 

WOODWARD-CLYDE  CONSULTANTS  /  SCOTT,  DENVER,  CO 

WOODWARD-CLYDE  CONSULTANTS  /  WEST  RK5,  UB,  OAKLAND,  CA 


